Resonant cavity method for broadband dielectric measurements by Muhammad-Ahmad, Makki El-Tayyid
Durham E-Theses
Resonant cavity method for broadband dielectric
measurements
Muhammad-Ahmad, Makki El-Tayyid
How to cite:
Muhammad-Ahmad, Makki El-Tayyid (1987) Resonant cavity method for broadband dielectric
measurements, Durham theses, Durham University. Available at Durham E-Theses Online:
http://etheses.dur.ac.uk/6671/
Use policy
The full-text may be used and/or reproduced, and given to third parties in any format or medium, without prior permission or
charge, for personal research or study, educational, or not-for-proﬁt purposes provided that:
• a full bibliographic reference is made to the original source
• a link is made to the metadata record in Durham E-Theses
• the full-text is not changed in any way
The full-text must not be sold in any format or medium without the formal permission of the copyright holders.
Please consult the full Durham E-Theses policy for further details.
Academic Support Oﬃce, Durham University, University Oﬃce, Old Elvet, Durham DH1 3HP
e-mail: e-theses.admin@dur.ac.uk Tel: +44 0191 334 6107
http://etheses.dur.ac.uk
2
RESONANT CAVITY METHOD 
FOR 
BROADBAND DI E L E C T R I C MEASUREMENTS 
The copyright of this thesis rests with the author. 
No quotation from it should be published without 
his prior written cxinsent and information derived 
from it should be acknowledged. 
by 
Makki E l - T a y y i b Muhammad-Ahmad 
U n i v e r s i t y C o l l e g e 
A t h e s i s s u b m i t t e d t o t h e F a c u l t y of S c i e n c e , 
U n i v e r s i t y o f Durham, f o r the degree of 
Doctor of P h i l o s o p h y 
Department of A p p l i e d P h y s i c s and E l e c t r o n i c s , 
S c h o o l o f E n g i n e e r i n g and A p p l i e d S c i e n c e , 
U n i v e r s i t y of Durham, UK. 
A p r i l 1987 
JUL. 1987 
I I 
ABSTRACT 
The p r o j e c t i n v e s t i g a t e s t h e C a v i t y P e r t u r b a t i o n 
Method (CPM) and d e s i g n of a c o a x i a l r e s o n a t o r c o v e r i n g a 
luide f r e q u e n c y band from 2.5 t o 11.5 GHz. U s i n g t h e 
p u b l i s h e d a n a l y s e s f o r c o a x i a l c a v i t i e s , o r i g i n a l 
t h e o r e t i c a l a n a l y s i s of C a v i t y P e r t u r b a t i o n Method f o r 
TEM c o a x i a l c a v i t y was c a r r i e d out by the a u t h o r . Using 
s i m i l a r approach, the Hoix c y l i n d r i c a l c a v i t y was 
a n a l y z e d . The d e l i b e r a t e o b j e c t i v e of t h e method was to 
produce a wide band t e c h n i q u e s i n c e t h e r e a r e none 
a v a i l a b l e a t p r e s e n t . The method then examines the 
p o s s i b i l i t y o f employing t h e c o a x i a l c a v i t y a s an 
i m p o r t a n t and n e c e s s a r y m easuring d e v i c e f o r d i e l e c t r i c 
measurements u s i n g CPM. I t was t h e aim i n the 
i n v e s t i g a t i o n s t o s t a t e c l e a r l y what a s s u m p t i o n s were 
made s o t h a t t h e a c c u r a c y of t h e c a l c u l a t e d r e s u l t s c o u l d 
be a s s e s s e d . 
A new measurement t e c h n i q u e , u s i n g a Sweep G e n e r a t o r / 
Spectrum A n a l y z e r Assembly (SG/SA) was i n t r o d u c e d . The 
t e c h n i q u e i s based on v e r y p r e c i s e measurements of the 
changes i n c a v i t y Q and i t s r e s o n a n t f r e q u e n c y , d i s p l a y e d 
on Spectrum A n a l y z e r , when t h e t e s t sample of the 
m a t e r i a l i s i n s e r t e d . B e c a u s e t h e main o b j e c t i v e of the 
p r o j e c t i s t h e method o f measurements, t h e a s s e s s m e n t of 
i t s v a l i d i t y and a c c u r a c y was f u l l y d i s c u s s e d . 
I l l 
Measurements were c a r r i e d out on f i f t e e n m a t e r i a l s of 
v a r i o u s t y p e s o f c e r a m i c s o v e r t h e f r e q u e n c y range of 
i n t e r e s t . T h e s e m a t e r i a l s were us e d m a i n l y f o r the 
a s s e s s m e n t of t h e v a l i d i t y and a c c u r a c y of the new Sweep 
G e n e r a t o r / S p e c t r u m A n a l y z e r Assembly t e c h n i q u e , and a l s o 
a t e s t of t h e c a p a b i l i t y of t he c o n s t r u c t e d broadband 
c o a x i a l c a v i t y t o be used f o r d i e l e c t r i c measurements. 
The well-known B r i d g e and Q-meter methods, were employed 
i n i t i a l l y t o p r o v i d e t h e low f r e q u e n c y v a l u e s f o r the 
m a t e r i a l s a s r e f e r e n c e . An attempt has a l s o been made to 
j u s t i f y t h e v a l i d i t y of t h e u n i v e r s a l law on those 
m a t e r i a l s . 
A d d i t i o n a l work not d i r e c t l y r e l a t e d to the main 
p r o j e c t has been c a r r i e d out on C u r i e temperature 
measurements. The o b j e c t was t o develop a s i m p l e and 
r e l i a b l e method u s i n g t h e Gouy b a l a n c e t e c h n i q u e . 
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CHAPTER 1 
INTRODUCTION 
1.1 G e n e r a l Review 
1.1.1 I n t r o d u c t i o n 
The methods f o r measuring d i e l e c t r i c p r o p e r t i e s of 
m a t e r i a l s a t microwave f r e q u e n c i e s can be b r o a d l y c l a s s i -
f i e d i n t o two groups, ( a ) r e f l e c t i o n and t r a n s m i s s i o n 
c o a x i a l o r waveguide t e c h n i q u e s and (b) t h e r e s o n a n c e 
c a v i t y p e r t u r b a t i o n t e c h n i q u e s . The former a r e s u i t a b l e 
when l a r g e s a m p l e s a r e a v a i l a b l e a s t h e methods u s u a l l y 
r e q u i r e f i l l i n g t h e i n s i d e of a waveguide s e c t i o n w i t h 
t h e m a t e r i a l under t e s t . The l a t t e r methods a v o i d t h i s 
problem, and a r e t h e r e f o r e most f r e q u e n t l y used. The 
r e s o n a n c e c a v i t y p e r t u r b a t i o n method, i n p r i n c i p l e 
c o n s i s t s of me a s u r i n g t h e change i n r e s o n a n t f r e q u e n c y 
and Q f a c t o r of t h e microwave r e s o n a t o r when i t i s 
s u i t a b l y l o a d e d w i t h a s m a l l sample p i e c e . The d a t a may 
then be r e l a t e d t o t h e p r o p e r t i e s of t h e m a t e r i a l . During 
t h e e a r l y y e a r s , c y l i n d r i c a l and r e c t a n g u l a r waveguide 
c a v i t i e s were m o s t l y u s e d f o r s u c h measurements a t cm 
w a v e l e n g t h s . P r e s e n t l y , c a v i t i e s of s p e c i a l s h a p e s 
p r o d u c i n g s t r o n g f i e l d d i s t r i b u t i o n s i n p a r t i c u l a r 
r e g i o n s a r e o f t e n u s e d f o r t h e measurements. I n each 
c a s e , t h e shape and t h e d i m e n s i o n s of t h e sample and i t s 
p o s i t i o n i n t h e c a v i t y a r e chosen s o t h a t t h e 
p e r t u r b a t i o n f o r m u l a i s a p p l i c a b l e . I n a d d i t i o n , most 
s y s t e m s have t o be e x p e r i m e n t a l l y c a l i b r a t e d u s i n g 
s a m p l e s o f known d i e l e c t r i c p r o p e r t i e s . 
1.1.2 Measurement Methods Employing a R e e n t r a n t C a v i t y 
The r e e n t r a n t c a v i t y has been used f o r the measure-
ment of t h e m a t e r i a l d i e l e c t r i c p r o p e r t i e s by many 
i n v e s t i g a t o r s . The method i s w e l l proven and r e l i a b l e . I n 
t h e m a j o r i t y of t h e a v a i l a b l e p u b l i c a t i o n s , the a c c u r a c y 
o f t h e r e s u l t s i s a f f e c t e d by t h e e l e c t r o m a g n e t i c f i e l d 
d i s t r i b u t i o n w i t h i n t h e sample c a v i t y a l s o by the 
a p p a r a t u s u s e d . E l d u m i a t i and Hadad C13 i n 1971 used the 
r e e n t r a n t t y p e o f t h e c a v i t y f o r measurements of the 
microwave c o n d u c t i v i t y and d i e l e c t r i c c o n s t a n t of a bulk 
s e m i c o n d u c t o r m a t e r i a l . T h i s method was d i f f e r e n t from 
t h e c o n v e n t i o n a l approach which n o r m a l l y r e l i e s on t he 
Q - f a c t o r measurements. I t was shown by t h e a u t h o r s t h a t 
t h e change i n t h e m a t e r i a l c o n d u c t i v i t y a s a r e s u l t of a 
p e r t u r b a t i o n can be o b t a i n e d by measuring the c a v i t y 
c o u p l i n g f a c t o r p r i o r t o t h e p e r t u r b a t i o n and the change 
i n t h e r e f l e c t e d power from the c a v i t y and hence c o u p l i n g 
f a c t o r a s a r e s u l t of t h e p e r t u r b a t i o n . 
M i l e w s k i and Kaczkowski C23 i n 1979 i n t r o d u c e d a new 
m a t h e m a t i c a l method f o r c a l c u l a t i o n o f complex e l e c t r i c 
p e r m i t t i v i t y of a wide range of m a t e r i a l s from the 
measured p a r a m e t e r s of a r e e n t r a n t c a v i t y c o n t a i n i n g a 
s ample m a t e r i a l . C o n d i t i o n of r e s o n a n c e was o b t a i n e d 
based on t h e a n a l y s i s of e l e c t r o m a g n e t i c f i e l d 
d i s t r i b u t i o n i n the c a v i t y w i t h the sample. I n t h e i r 
e x p e r i m e n t a l work, a r e e n t r a n t r e s o n a t o r was t u n a b l e by 
means of c a p a c i t a n c e and i n d u c t a n c e a d j u s t m e n t s . The 
r e s u l t i n g s e t t i n g s of the c a p a c i t a n c e and the i n d u c t a n c e 
were then used t o c a l c u l a t e t h e p e r m i t t i v i t i e s and 
d i e l e c t r i c l o s s e s . Measurements c o v e r i n g 200 t o 1000 MHz 
f r e q u e n c y range were c a r r i e d out on many m a t e r i a l s w i t h 
t h e v a l u e s of between 2 and 300 and d i e l e c t r i c l o s s e s 
between 10-=» and 10-*. 
A new c a v i t y p e r t u r b a t i o n t e c h n i q u e f o r microwave 
measurements of d i e l e c t r i c c o n s t a n t was p u b l i s h e d by 
S u s a n t a Sen, Saha, and Nag i n 1979 C3!l. T h i s t e c h n i q u e 
u s e d a m o d i f i e d c y l i n d r i c a l r e e n t r a n t c a v i t y and seemed 
t o have number o f adv a n t a g e s , i . e . 
( a ) sample a r e a d i d not appear i n t h e c a l c u l a t i o n s , 
( b ) o n l y t h e r a t i o of f r e q u e n c y s h i f t s due t o two 
s a m p l e s of the same a r e a and d i f f e r e n t t h i c k n e s s 
were i n v o l v e d , 
and ( c ) c a l i b r a t i o n of the measuring s y s t e m w i t h known 
d i e l e c t r i c was not n e c e s s a r y . 
The method, however, was o n l y s u i t a b l e f o r low 
d i e l e c t r i c c o n s t a n t s a s t h e a c c u r a c y d e t e r i o r a t e s f o r 
h i g h p e r m i t t i v i t i e s . 
1.1.3 C y l i n d r i c a l C a v i t y Measurements 
C y l i n d r i c a l c a v i t y r e s o n a t o r has been used by many 
w o r k e r s a s t h e b a s i s of measurement s y s t e m s f o r d i e l e c -
t r i e p r o p e r t i e s of m a t e r i a l s . The major problem i n c u r r e d 
i n t h i s c a v i t y was t he e x i s t e n c e of d i f f e r e n t modes a t 
d i f f e r e n t f r e q u e n c i e s . Rosenberg e t a l . i n 1982 C4D gave 
a d e s c r i p t i o n of two TEo» c y l i n d r i c a l r e s o n a t o r s 
o p e r a t i n g a t 10 and 35 GHz, r e s p e c t i v e l y . The c a v i t i e s 
were u s e d t o determine t h e complex p e r m i t t i v i t y of 
l o w — l o s s l i q u i d s a t room t e m p e r a t u r e . They concluded t h a t 
t h e a d a p t a t i o n of t h e T E i o r e s o n a t o r t o the measurement 
of t h e d i e l e c t r i c p r o p e r t i e s of l i q u i d s was not e a s y . The 
problems e n c o u n t e r e d when a t t e m p t i n g t o measure l i q u i d s 
were, f i r s t , t h e l i k e l i h o o d of co n t a m i n a t i o n w i t h 
c o n sequent change i n t h e p r o p e r t i e s , and s e c o n d l y , 
m e n i s c u s e f f e c t o c c u r s and t h e unoc c u p i e d p o r t i o n of the 
c a v i t y f i l l s w i t h vapour which u p s e t s t h e measurements. 
P a r k a s h , V a i d and Mansingh i n 1979 C5 3 gave t h e 
r e l a t i o n s f o r e v a l u a t i n g d i e l e c t r i c p a r a m e t e r s from t h e 
changes i n r e s o n a n c e f r e q u e n c y and Q of c y l i n d r i c a l TMoio 
mode c a v i t y o p e r a t i n g a t 3.6986 GHz f o r t h i n samples of 
l e n g t h l e s s than t h e h e i g h t of t h e c a v i t y . The same 
a u t h o r s i n 1981 C 6 ] used t h e same c a v i t y f o r measuring 
t h e c o n d u c t i v i t y and p e r m i t t i v i t y of semiconductor 
s p h e r e s . 
Hong and R o b e r t s i n 1974 C 7 ] c a r r i e d out method u s i n g 
a r e s o n a n t c a v i t y a s a probe. The method employed 
c o n s i s t e d o f v a r y i n g t h e depth o f p e n e t r a t i o n of a c o n t i n -
nuous c y l i n d r i c a l sample of t he m a t e r i a l i n t o a c a v i t y 
o p e r a t i n g i n t h e TMoio mode w i t h t h e r e s o n a n t f r e q u e n c y 
and q u a l i t y f a c t o r determined a t each i n c r e m e n t a l s e t t i n g 
of t h e p e r t u r b i n g sample. The p e r t u r b a t i o n of t h e c a v i t y 
was a c h i e v e d by a d v a n c i n g the sample i n t o i t along the 
symmetry a x i s employing the micrometer d r i v e c a l i b r a t e d 
t o g i v e t h e depth of p e n e t r a t i o n . A d i f f e r e n t i a t i o n 
method was u s e d to o b t a i n t h e h alf-power p o i n t s of the 
c a v i t y r e s o n a n c e r e s p o n s e a t each depth of p e n e t r a t i o n . 
Then t h e p e r t u r b a t i o n f o r m u l a e f o r r e s o n a n t c a v i t i e s were 
use d to o b t a i n t h e p h y s i c a l p a r a m e t e r s f o r the samples 
from t h e e x p e r i m e n t a l d a t a . The f r e q u e n c y employed was 
n e a r 10 GHz. 
C y l i n d r i c a l c a v i t y was a l s o u s e d by Mysore e t a l , i n 
1979 C8D and S h i h e e t a l . i n 1981 C93 f o r d i e l e c t r i c 
measurements. The i n n o v a t i o n i n t h e i r method was t h e 
s hape and p o s i t i o n i n g of t h e sample, i . e . i t was i n t h e 
r o d form and p o s i t i o n e d a l o n g t h e c y l i n d r i c a l a x i s . The 
d i e l e c t r i c p r o p e r t i e s of t h e sample were then o b t a i n e d 
u s i n g t h e p e r t u r b a t i o n method. 
1.1.4 C o a x i a l L i n e T e c h n i q u e s 
S e v e r a l microwave measurement t e c h n i q u e s f o r 
d i e l e c t r i c p r o p e r t i e s employing c o a x i a l l i n e s have been 
dev e l o p e d . One of the e a r l i e s t methods was by Von H i p p e l 
i n 1978 C103= I t used a c o a x i a l l i n e t e r m i n a t e d by a 
c a p a c i t a n c e formed by the gap between t h e end s u r f a c e s of 
t h e i n n e r c o n d u c t o r and a c o n d u c t i n g p l a t e s h o r t i n g the 
c a b l e . The c a b l e was e x c i t e d from t h e o p p o s i t e end, and 
the v a l u e of t h e end c a p a c i t a n c e was determined from the 
p o s i t i o n of t h e v o l t a g e minimum. The change i n the end 
c a p a c i t a n c e , when the gap was loaded w i t h a d i e l e c t r i c 
sample of known dimensions, c o u l d then be d i r e c t l y 
r e l a t e d t o t h e d i e l e c t r i c c o n s t a n t of the sample. The 
method i s s u i t a b l e f o r f r e q u e n c i e s below 300 MHz, s i n c e 
the a c c u r a c y of d e t e r m i n i n g t h e p o s i t i o n of the v o l t a g e 
minimum a s a f r a c t i o n of t h e wavelength d e c r e a s e s a s the 
f r e q u e n c y i s i n c r e a s e d . 
Two c o a x i a l l i n e t e c h n i q u e s f o r t h e d e t e r m i n a t i o n of 
complex p e r m i t i v i t i e s of s o l i d s and l i q u i d s were develop-
ed by K u l e s z a , Thorp and Bakar Ahmad i n 1984 C113. The 
f i r s t , t h e matched t e r m i n a t i o n method, was e s s e n t i a l l y a 
c omparison t e c h n i q u e u s i n g a i r a s t h e r e f e r e n c e d i e l e c -
t r i c , p r o d u c i n g a c c u r a t e v a l u e s of . I n the second, the 
r e s o n a n t l i n e method, t h e c h a r a c t e r i s t i c impedance 
t e r m i n a t i o n was r e p l a c e d by an a d j u s t a b l e s h o r t c i r c u i t . 
T h i s method was d e v e l o p e d p r i m a r i l y f o r the purpose of 
d e t e r m i n i n g t h e v a l u e s of tan6 i n low l o s s m a t e r i a l s . 
Both methods can be u s e d f o r f r e q u e n c i e s i n the 20Q MHz 
t o 9GHz r a n g e and n o r m a l l y r e q u i r e o n l y c o n v e n t i o n a l 
a p p a r a t u s . 
N e l s o n , S t e t s o n and S c h l a p h o f f i n 1974 L12J p u b l i s h e d 
a paper d e s c r i b i n g the p r i n c i p l e s u n d e r l y i n g t h e s h o r t -
c i r c u i t e d - w a v e g u i d e measurement method and a g e n e r a l 
computer program f o r c a l c u l a t i n g d i e l e c t r i c p r o p e r t i e s of 
h i g h — o r l o w - l o s s m a t e r i a l s . The program was a p p l i c a b l e 
t o measurements tak e n on c o a x i a l l i n e s or on r e c t a n g u l a r 
or c i r c u l a r — w a v e g u i d e s y s t e m s . 
Time-domain t e c h n i q u e s f o r measuring t h e d i e l e c t r i c 
p r o p e r t i e s of m a t e r i a l s have been us e d by many i n v e s t i g a -
t o r s C 1 3 J - C 1 7 ] . I n a l l time-domain methods s t e p v o l t a g e 
i s n o r m a l l y a p p l i e d t o a l o w — l o s s c o a x i a l l i n e . The shape 
of t h e s t e p v o l t a g e then r e m a i n s unchanged a s long a s the 
p r o p a g a t i o n p r o p e r t i e s of t h e l i n e a r e independent of 
p o s i t i o n . When t h e l i n e c o n t a i n s a s e c t i o n w i t h d i f f e r e n t 
p r o p a g a t i o n c h a r a c t e r i s t i c s , f o r example a s e c t i o n w i t h 
d i e l e c t r i c m a t e r i a l e n c l o s e d , t h e v o l t a g e s t e p w i l l be 
r e f l e c t e d . From r e f l e c t e d and t r a n s m i t t e d v o l t a g e a t t h e 
i n t e r f a c e and from t h i s d a t a t h e d i e l e c t r i c p r o p e r t i e s of 
t h e m a t e r i a l can then be determined. 
1.1.5 Waveguide Measurements 
V a r i o u s r e c t a n g u l a r waveguide t e c h n i q u e s have been 
d e v e l o p e d and u s e d by many r e s e a r c h e r s . M a j o r i t y o f t h e s e 
t e c h n i q u e s a r e d e s c r i b e d by Sucher and Fox C18D. The main 
ones i n c l u d e 
( a ) a method of measuring t h e d i e l e c t r i c c o n s t a n t 
i n v o l v i n g t h e s o l u t i o n o f a t r a n s c e n d e n t a l e q u a t i o n . T h i s 
t y p e o f measurement depends on t h e q u a l i t y of equipment 
and on t h e c a r e t a k e n d u r i n g t h e experiment. I t can be 
us e d f o r low and hi g h v a l u e s of d i e l e c t r i c c o n s t a n t s , 
( b ) a measurement of d i e l e c t r i c c o n s t a n t i n v o l v i n g two 
r e a c t i v e t e r m i n a t i o n s . T h i s p a r t i c u l a r t e c h n i q u e depends 
on o b t a i n i n g t h e s h o r t - c i r c u i t and o p e n - c i r c u i t t e r m i n a t -
i o n s of t h e sample a t a s p e c i f i c p l a n e by means of a 
v a r i a b l e s h o r t c i r c u i t i n g p l u n g e r . I t i n v o l v e s the 
measurements of VSWR and t h e d i s t a n c e from a minimum to 
th e sample f o r t h e s e two c o n d i t i o n s . 
1.1.6 Measurements of B i o l o g i c a l S u b s t a n c e s 
E x t e n s i v e u s e of microwaves i n domestic and i n d u s t -
r i a l food p r o c e s s i n g and t he g e n e r a l problem of 
e l e c t r o m a g n e t i c p o l l u t i o n have r e s u l t e d i n i n c r e a s i n g 
r e s e a r c h i n t o t h e b i o l o g i c a l e f f e c t s of microwave 
r a d i a t i o n . 
Chuo and Guy i n 1978 C 1 9 ] used an S-waveguide 
s y s t e m t o s t u d y t h e e l e c t r o m a g n e t i c f i e l d e f f e c t on 
i s o l a t e d n e r v e s and m u s c l e s . The temperature of the 
exposed t i s s u e s was m a i n t a i n e d c o n s t a n t by c i r c u l a t i n g 
t e m p e r a t u r e c o n t r o l l e d s o l u t i o n through t h e waveguide. 
Specimens were p l a c e d i n t h e waveguide e i t h e r p a r a l l e l or 
p e r p e n d i c u l a r t o t h e e l e c t r i c f i e l d of the T E i o mode. 
R e s u l t s showed no s i g n i f i c a n t changes i n c h a r a c t e r i s t i c s 
o f n e r v e s or m u s c l e s a t low-power r a d i a t i o n . The e f f e c t s 
were o b s e r v e d d u r i n g high—power r a d i a t i o n by changing the 
s o l u t i o n t e m p e r a t u r e . 
B i a n c o e t a l . i n 1979 1203 developed a method f o r 
me a s u r i n g t h e complex p e r m i t t i v i t y of b i o l o g i c a l l i q u i d s 
a t microwave f r e q u e n c i e s . The method a l l o w s measurements 
t o be made v e r y q u i c k l y , u s i n g o n l y v e r y s m a l l amounts of 
m a t e r i a l . Measurements were made on human s e r a ( f l u i d s 
t a k e n from blood) and e r y t h r o c y t e s <red c e l l s ) by u s i n g 
s l o t t e d l i n e , network a n a l y z e r and a sample h o l d e r . The 
q u a n t i t i e s measured were t h e r e f l e c t i o n c o e f f i c i e n t and 
t h e a n g l e f o r each f r e q u e n c y of i n t e r e s t . The 
measurements were c a r r i e d out i n the frequency range 
from 100 t o 2000 MHz. 
S t u c h l y , M. and S t u c h l y , S. i n 1980 C 2 1 ] developed a 
t e c h n i q u e f o r measuring d i e l e c t r i c p r o p e r t i e s of b i o l o g i -
c a l m a t e r i a l s a t r a d i o and microwave f r e q u e n c i e s u s i n g 
t h e c o a x i a l l i n e r e f l e c t i o n method. S t u c h l y e t a l . i n 
1982 C 2 2 ] developed a method f o r t h e same purpose u s i n g 
an open-ended c o a x i a l l i n e t o g e t h e r w i t h a computei— 
c o n t r o l l e d network a n a l y s e r s y s t e m . The measurements 
were c a r r i e d out i n the frequeny r a n g e from 0.01 to IGHz. 
I n a g r i c u l t u r e , d a t a on the fr e q u e n c y dependence of 
d i e l e c t r i c p r o p e r t i e s of g r a i n s and i n s e c t s were i n v e s -
t i g a t e d by Nelson and S t e t s o n i n 1974 C23D. They p r e s e n -
t e d t h e p o s s i b i l i t i e s and p r i n c i p l e s f o r c o n t r o l l i n g 
i n s e c t s w i t h microwaves and lower f r e q u e n c y energy. 
I n c o n c l u s i o n , i n a l l t h e above—mentioned methods and 
t e c h n i q u e s f o r d i e l e c t r i c p r o p e r t i e s of m a t e r i a l s , no one 
me a s u r i n g s y s t e m can cover t h e f u l l s p e c t r a l range and, 
i n f a c t , s e v e r a l d i f f e r e n t k i n d s a r e i n c u r r e n t u s e . I t 
i s t h u s p o s s i b l e , by t h e u s e of s e v e r a l t e c h n i q u e s , to 
a c h i e v e a f u l l spectrum c o v e r a g e and s i m u l t a n e o u s l y 
o b t a i n e s t i m a t e s of t h e random and s y s t e m a t i c e r r o r s i n 
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t h e measurement t e c h n i q u e s . N e v e r t h e l e s s , t h e r e i s not a 
t e c h n i q u e d e f i n i t e l y b e t t e r than o t h e r s , and the methods 
a r e a s y e t s t i l l not s t a n d a r d i z e d . T h i s i s a consequence 
i n p a r t because i n t e r e s t i n t h i s f i e l d i s r e l a t i v e l y 
r e c e n t , a l s o of the d i f f i c u l t i e s a r i s i n g i n such 
measurements. No method i s a v a i l a b l e a t p r e s e n t which 
overcomes s a t i s f a c t o r i l y such d i f f i c u l t i e s of v e r y 
d i f f e r e n t t y p e s . 
1.2 The P r o j e c t 
One of the prime i n t e r e s t s of the p r e s e n t work was to 
e x t e n d and develop p r e v i o u s t e c h n i q u e s f o r measuring the 
d i e l e c t r i c p r o p e r t i e s of m a t e r i a l s a t microwave f r e q u e n -
c i e s . The work d e s c r i b e d i n t h i s t h e s i s has been p r i m a ) — 
i l y d i r e c t e d towards c a v i t i e s f o r p e r t u r b a t i o n 
t e c h n i q u e s . The p r o j e c t was u n d e r t a k e n w i t h t h r e e main 
o b j e c t i v e s . F i r s t l y t o d e s i g n and c o n s t r u c t a broadband 
c o a x i a l c a v i t y , s e c o n d l y t o d e v e l o p and e s t a b l i s h t h e 
p e r t u r b a t i o n t h e o r y f o r t h i s p a r t i c u l a r type and t h i r d l y , 
t o e n s u r e t h a t t h e c a v i t y a s w e l l a s t h e p e r t u r b a t i o n 
t e c h n i q u e s a r e of s u f f i c i e n t a c c u r a c y to be used a s an 
i m p o r t a n t and n e c e s s a r y measuring a i d i n subsequent 
r e s e a r c h a p p l i c a t i o n s . To a c h i e v e t h i s , a sweep 
g e n e r a t o r / s p e c t r u m a n a l y s e r combination was developed to 
enhance a c c u r a c y and r e p e a t a b i l i t y . 
I n Chapter 2 the b a s i c background of RF & microwave 
c a v i t i e s and a p p l i c a t i o n s i s r e v i e w e d . Three c a v i t i e s a r e 
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d i s c u s s e d a s examples, namely, t h e TE r e c t a n g u l a r , TE 
c y l i n d r i c a l and TEM c o a x i a l . Types and modes of 
o s c i l l a t i o n s , c a v i t y c o u p l i n g and q u a l i t y f a c t o r s a r e 
d i s c u s s e d i n t h i s c h a p t e r . 
Chapter 3 i s concerned w i t h r e s o n a n c e p e r t u r b a t i o n 
t h e o r y and formulae. T h e i r d e r i v a t i o n t o g e t h e r w i t h t h e 
assumed a p p r o x i m a t i o n s a r e d i s c u s s e d i n d e t a i l . The 
r e l a t i o n s h i p between t h e d i e l e c t r i c p r o p e r t i e s of a 
p e r t u r b i n g sample, s h i f t i n f r e q u e n c y and change i n 
Q - f a c t o r of t h e c a v i t y a r e a l s o g i v e n f o r the 
above-mentioned t y p e s . 
C o n s i d e r a t i o n s r e g a r d i n g t h e r e s o n a n t c o a x i a l c a v i t y 
a r e o u t l i n e d and a n a l y z e d i n c h a p t e r 4. As n e c e s s a r y 
background, t h e e q u a t i o n s and g e n e r a l r e l a t i o n s of 
t r a n s m i s s i o n l i n e s a s a p p l i e d t o r e s o n a n t c a v i t y 
s t r u c t u r e s a r e b r i e f l y r e v i e w e d . C a v i t y d e s i g n 
c o n s i d e r a t i o n s and a s s o c i a t e d p a r a m e t e r s such a s q u a l i t y 
f a c t o r and c o u p l i n g a r e a l s o d e s c r i b e d . The performance 
of t h e c a v i t y i s examined by c a r r y i n g out a number of 
t e s t s , r e s u l t s of which a r e a l s o p r e s e n t e d . 
C h a p t e r 5 d e a l s w i t h d i e l e c t r i c m a t e r i a l s f o r VLSI 
s u b s t r a t e s . E q u a t i o n s r e l a t i n g t h e primary and sec o n d a r y 
p a r a m e t e r s t o t h e d i e l e c t r i c p r o p e r t i e s a r e g i v e n . Manuf-
a c t u r e and t e s t i n g p r o c e s s e s t o g e t h e r w i t h a s u r v e y of 
s u b s t r a t e s a r e o u t l i n e d . A m o l e c u l a r p r o f i l e on t h e d i e l -
e l e c t r i c s i s a l s o i n c l u d e d . 
I n Chapter 6, d e t a i l e d d e s c r i p t i o n s and p r o c e d u r e s of 
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t h e measurement methods and t e c h n i q u e s , from low f r e q u e n -
cy t o microwaves, a r e f u l l y e x p l a i n e d . 
The a c c u r a c y and r e p e a t a b i l i t y of t h e methods used i s 
r e f l e c t e d i n t h e r e s u l t s o b t a i n e d f o r v a r i o u s t y p e s of 
c e r a m i c s s u p p l i e d by H i r s t R e s e a r c h C e n t e r GEC. These 
r e s u l t s a r e p r e s e s e n t e d i n t h e form of t a b l e s and gra p h s 
g i v e n i n c h a p t e r 7. 
F i n a l l y , i n c h a p t e r 8 an a s s e s s m e n t of t he methods 
and t h e c o a x i a l c a v i t y based on t he performance a c h i e v e d 
i s made. The a d v a n t a g e s and d i s a d v a n t a g e s of t he 
p e r t u r b a t i o n t e c h n i q u e s a r e r e v i e w e d and s u g g e s t i o n s f o r 
f u t u r e work a r e proposed. 
13 
CHAPTER 2 
RF & MICROWAVE RESONANT CAVITIES AND APPLICATIONS 
2. 1 I n t r o d u c t i o n 
A c a v i t y r e s o n a t o r i s an e s s e n t i a l p a r t of many 
microwave c i r c u i t s and s y s t e m s . I t i s i n g e n e r a l , a 
homogenous or inhomogenous d i e l e c t r i c r e g i o n of any shape 
s u r r o u n d e d by c o n d u c t i n g w a l l s . At i t s r e s o n a n t 
f r e q u e n c y , t h e i n j e c t e d energy o s c i l l a t e s back and f o r t h 
between t h e w a l l s and a s a r e s u l t , t h e e l e c t r i c and 
magnetic f i e l d s a r e s e t up w i t h i n t h e c a v i t y . During each 
c y c l e of o s c i l l a t i o n s t h e energy i s d i s s i p a t e d i n the 
w a l l s . I f , however, t h e c o n d u c t i v i t y of t h e w a l l s i s 
i n f i n i t e and of t h e d i e l e c t r i c r e g i o n z e r o , then t h e r e i s 
no energy d i s s i p a t e d and t h e q u a l i t y f a c t o r of t h e c a v i t y 
i s i n f i n i t e . 
Resonant c i r c u i t s a r e u s u a l l y d i s c u s s e d i n terms of 
fundamental components, i n d u c t a n c e ( L ) , c a p a c i t a n c e < C ) , 
and e q u i v a l e n t s h u n t r e s i s t a n c e <R). The e q u a t i o n s t h a t 
d e s c r i b e t h e c i r c u i t a r e u s u a l l y w r i t t e n u s i n g t h e s e 
components, but i t s b e h a v i o u r can e q u a l l y w e l l be 
d e s c r i b e d i n terms of i t s impedance(Zo), q u a l i t y 
f a c t o r ( Q ) , and r e s o n a n t f r e q u e n c y ( f o ) . 
F o r c i r c u i t s u s e d a t high f r e q u e n c i e s , i t i s o f t e n 
more c o n v e n i e n t t o d e a l w i t h t h e s e l a t t e r p a r a m e t e r s , 
b e c a u s e a t microwave f r e q u e n c i e s , t h e components of a 
u 
r e s o n a n t c i r c u i t become s m a l l and d i s t r i b u t e d , l o s i n g 
t h e i r meaning a s lumped e l e m e n t s . 
I n microwave p r a c t i c e , c a v i t y r e s o n a t o r s a r e p r e f e v — 
r e d a s c i r c u i t e l e m e n t s b e c a u s e they a r e p h y s i c a l l y l a r g e 
and h i g h l y e f f i c i e n t . 
2.2 Fundamental P r i n c i p l e s 
The two fundamental f e a t u r e s of a microwave r e s o n a n t 
c a v i t y n o r m a l l y under c o n s i d e r a t i o n a r e 
( i ) t h e p h y s i c a l s i z e , which depends on t h e wavelength 
a n d ( i i ) t h e e l e c t r i c and m a g n e t i c f i e l d s which a r e t o t a l l y 
c o n f i n e d w i t h i n t h e c o n d u c t i n g w a l l s . 
As i m p l i e d p r e v i o u s l y , t h e u n d e r s t a n d i n g of the 
o p e r a t i o n of a c a v i t y r e s o n a t o r i s c o m p l i c a t e d by the 
f a c t t h a t , t h e lumped e l e m e n t s of t h e e q u i v a l e n t low 
f r e q u e n c y l o s e t h e i r v a l i d i t y . To o b t a i n i t s r e s o n a n t 
f r e q u e n c y , s o l u t i o n s t o Maxwell's e q u a t i o n s must be found 
which s a t i s f y t h e boundary c o n d i t i o n s imposed by the 
r e s o n a t o r . I n t h e a n a l y s i s , i t i s u s u a l l y assumed t h a t 
t h e c a v i t y i s made of a p e r f e c t conductor and t h e r e f o r e , 
t h e p e n e t r a t i o n o f t h e f i e l d s i n t o the w a l l s of the 
r e s o n a t o r i s n e g l e c t e d . The boundary c o n d i t i o n s which 
must then be met a r e t h a t , no t a n g e n t i a l e l e c t r i c and no 
normal m a g n e t i c f i e l d s a t t h e s u r f a c e of t h e c a v i t y w a l l s 
can e x i s t . 
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A n a l y t i c a l s o l u t i o n s a r e only p o s s i b l e f o r a l i m i t e d 
number of c a v i t y s h a p e s , which can s i m p l y be d e f i n e d i n 
terms of one o f t h e s t a n d a r d c o - o r d i n a t e s y s t e m s . A 
number of approximate methods of c a l c u l a t i o n s have been 
d e v e l o p e d and a r e a v a i l a b l e which g i v e a d e q u a t e l y 
a c c u r a t e a n s wers f o r many c a v i t y s h a p e s t h a t cannot 
n o r m a l l y be s o l v e d by means of a n a l y t i c a l methods. 
Any c a v i t y r e s o n a t o r has an i n f i n i t e number of 
n a t u r a l f r e q u e n c i e s of o s c i l l a t i o n s , and what i s more, i t 
may be e x c i t e d i n more than one mode. I f i t can be 
a r r a n g e d t o have o n l y one r e s o n a n c e , however, t h e 
a n a l y s i s of t h e c a v i t y r e s o n a t o r can be c o n s i d e r a b l y 
s i m p l i f i e d . B e c a u s e a t any one of t h e s e r e s o n a n t modes, 
t h e c a v i t y behaves l i k e an o r d i n a r y r e s o n a n t c i r c u i t , and 
i t s b e h a v i o u r may be d e s c r i b e d i n terms of Zo, Q and fo-
T h e s e p a r a m e t e r s , i n g e n e r a l , w i l l have d i f f e r e n t v a l u e s 
a t e a c h of t h e o t h e r modes. 
2.3 Types & Modes of O s c i l l a t i o n s 
I n o r d e r t o d i s t i n g u i s h between d i f f e r e n t c o n f i g u r a -
t i o n s an a c c e p t e d mode nomenclature was i n t r o d u c e d . The 
a n a l y s i s of Maxwell^s e q u a t i o n s , w i t h boundary c o n d i t i o n s 
imposed a t t h e i n n e r w a l l s of a r e s o n a n t c a v i t y , l e a d s t o 
a s e t of d i f f e r e n t s o l u t i o n s . These s o l u t i o n s a r e c a l l e d 
t h e normal modes of t h e c a v i t y , a r e i n f i n i t e i n number, 
and they may be r e p r e s e n t e d by t h r e e b a s i c t y p e s . 
The f i r s t t y p e i s c a l l e d T r a n s v e r s e E l e c t r i c and 
16 
Magnetic wave, TEM, and c o n t a i n n e i t h e r e l e c t r i c nor 
magnetic f i e l d i n t h e d i r e c t i o n of p r o p a g a t i o n . They a r e 
found t o e x i s t i n p a r a l l e l and c o a x i a l l i n e s and a r e 
o f t e n r e f e r r e d to a s the dominant p r i n c i p a l waves. 
The s e c o n d t y p e i s c a l l e d T r a n s v e r s e E l e c t r i c waves, 
<TE or H). These waves have a component of magnetic f i e l d 
i n t h e d i r e c t i o n of p r o p a g a t i o n and the e l e c t r i c f i e l d i s 
e n t i r e l y t r a n s v e r s e . Most of the p a r a s i t i c r e s o n a n c e s 
e n c o u n t e r e d i n a c o a x i a l r e s o n a t o r a r e due t o waves of 
t h i s t y p e . 
The t h i r d t y p e a r e c a l l e d T r a n s v e r s e Magnetic waves, 
(TM or E ) . I n t h i s wave, a component of e l e c t r i c f i e l d i s 
p r e s e n t i n t h e d i r e c t i o n of p r o p a g a t i o n and the magnetic 
f i e l d i s e n t i r e l y t r a n s v e r s e . I f the d i a m e t e r of the 
v a r i a b l e c o a x i a l r e s o n a t o r i s s u f f i c i e n t l y l a r g e 
(compared w i t h a w a v e l e n g t h ) , the TM wave w i l l be s e t up 
and may produce p a r a s i t i c r e s o n a n c e s t h a t w i l l l i m i t the 
h i g h - f r e q u e n c y t u n i n g r a n g e . 
The mode of the wave i s denoted by two s u b s c r i p t s 
"m°, °n", i . e . H„„ or E„„. F o r r e c t a n g u l a r guide, i n the 
American System, "m" i n d i c a t e s t h e h a l f - p e r i o d changes of 
t h e E f i e l d a l o n g the wide "a" dimension of the c a v i t y , 
w h i l s t "n" i n d i c a t e s t h e h a l f - p e r i o d changes of the E 
f i e l d a l o n g t h e narrow "b° dimension. A t h i r d s u b s c r i p t 
p or q i s added and d e s i g n a t e s the number of h a l f 
w a v e l e n g t h s a l o n g the c a v i t y l e n g t h , L . F o r c i r c u l a r 
g u ide, m and n r e p r e s e n t t h e number of a n t i n o d e s o c c u r i n g 
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i n t h e E or H f i e l d f o r a g i v e n c o o r d i n a t e d i r e c t i o n . 
The most i m p o r t a n t mode i n t h e c o a x i a l c a v i t y i s TEM, 
i n t h e r e c t a n g u l a r c a v i t y i s T E x o i w h i l e i n t h e 
c y l i n d r i c a l c a v i t y TMoio , T E o n , T E m a r e predominant. 
2.4 C o u p l i n g i n Resonant C a v i t i e s 
An e l e c t r o m a g n e t i c f i e l d can e x i s t i n s i d e a c a v i t y 
when a s i g n a l i s i n j e c t e d from an o u t s i d e c i r c u i t . The 
e x c i t a t i o n element may be a loop , probe or a s i m p l e 
a p e r t u r e . 
For c o a x i a l c a v i t i e s , power can be e x t r a c t e d v i a a 
c o u p l i n g loop , a c a p a c i t i v e probe or d i r e c t c o n n e c t i o n 
to t h e i n n e r c o n d u c t o r . 
2.4.1 C o u p l i n g Loops 
An i n d u c t i v e loop i s v e r y o f t e n u t i l i z e d a s t h e 
c o a x i a l c a v i t y c o u p l i n g . A c u r r e n t f l o w s around t h e 
conductor of t h e loop, g e n e r a t i n g a magnetic f i e l d 
p e r p e n d i c u l a r t o t h e p l a n e of t h e loop. The loop may be 
p l a c e d i n any p l a c e a s long a s i t l i n k s w i t h t h e magnetic 
l i n e s o f f o r c e . The deg r e e o f c o u p l i n g can be a l t e r e d by 
r o t a t i n g t h e loop p l a n e r e l a t i v e t o t h e d i r e c t i o n of t h e 
mag n e t i c l i n e s . 
The e x c i t a t i o n may be maximized by p l a c i n g t h e loop 
p l a n e a t r i g h t a n g l e t o t h e magnetic l i n e s of t h e r e q u i i — 
ed mode. The m a g n e t i c c o u p l i n g i s most e f f e c t i v e when 
p o s i t i o n e d n e a r t h e s h o r t - c i r c u i t or high c u r r e n t end 
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because t h e magnetic f i e l d i s p r o p o r t i o n a l t o t h e 
c u r r e n t . 
Two d i s t i n c t c o u p l i n g l o o p s may be needed , one f o r 
t h e i n p u t and t h e o t h e r f o r t h e output s i g n a l . The two 
l o o p s s h o u l d be s e p a r a t e d a s f a r a s p o s s i b l e so t h a t 
d i r e c t m a gnetic c o u p l i n g between them i s n e g l i g i b l e . 
A p e r f e c t match a t r e s o n a n t f r e q u e n c y may be o b t a i n e d 
i f t h e i n p u t and output l o o p s have t h e same s i z e and 
shape and a r e l o c a t e d a t p o i n t s of e q u a l i n t e n s i t y . 
U s u a l l y , t h e e f f e c t of s e l f - i n d u c t a n c e of t h e c o u p l i n g 
l o o p s s l i g h t l y s h i f t s t h e r e s o n a n c e f r e q u e n c y . 
2.4.2 C o u p l i n g Probes 
The c a p a c i t i v e probe i s c o u p l e d t o t h e e l e c t r i c f i e l d 
l i n e s p a r a l l e l t o i t . The c o u p l i n g i s l a r g e s t when t h e 
probe i s l o c a t e d a t t h e maximum e l e c t r i c f i e l d of t h e 
e x c i t e d mode. 
Fo r t h e r e e n t r a n t c o a x i a l c a v i t y , t h e e l e c t r i c 
c o u p l i n g s h o u l d n o r m a l l y be l o c a t e d a t a q u a r t e r w a v e -
l e n g t h from t h e s h o r t c i r c u i t end i n t h e r e g i o n of 
i n t e n s e e l e c t r i c f i e l d . 
2.4.3 C o u p l i n g A p e r t u r e s 
I n waveguides, a s l o t or a h o l e of a r e q u i r e d shape 
i s c u t through t h e w a l l between t h e c a v i t y and t he 
e x t e r n a l c i r c u i t , a l l o w i n g r a d i a t i o n of t h e s i g n a l from 
one t o t h e o t h e r . 
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To o b t a i n a h i g h q u a l i t y f a c t o r , Q, a round h o l e 
s h o u l d n o r m a l l y be use d a s c o u p l i n g because of an 
advantageous d i s t r i b u t i o n of t h e f i e l d . I n t h i s c a s e the 
e l e c t r i c f i e l d i s p a r a l l e l t o t h e p l a n e of the h o l e , 
w h i l e t h e m a g n e t i c f i e l d i s p e r p e n d i c u l a r t o i t . Degree 
of c o u p l i n g may be m o d i f i e d by i n t r o d u c i n g i n d u c t i v e or 
c a p a c i t i v e t u n i n g s c r e w s , < F i g . 2 . 1 ) . 
Two i m p o r t a n t f a c t o r s must be c o n s i d e r e d i n 
d e t e r m i n i n g t h e r a d i u s of t h e h o l e . I n t h e f i r s t c a s e , 
t h e q u a l i t y f a c t o r of t h e c a v i t y s h o u l d be a s high a s 
p o s s i b l e . The i n c r e a s e i n t h e r a d i u s of t h e c o u p l i n g 
l o w e r s i t . S e c o n d l y t h e r a d i u s of t h e h o l e s h o u l d not be 
too s m a l l s i n c e then t h e magnitude of t h e s u s c e p t a n c e 
i n c r e a s e s too much. I n p r a c t i c e t h e r a d i u s i s no r m a l l y 
found e m p i r i c a l l y and t h e b e s t s i z e recommended a t 9.3 
GHz i s between 3 and 4 mm C24D. 
I n t h e r e c t a n g u l a r c a v i t y c o n s t r u c t e d , t h r e e s c r e w s 
on both s i d e s o f t he c a v i t y were u s e d a s t u n e r s f o r 
matching p u r p o s e s . The q u a l i t y f a c t o r of t h e c a v i t y was 
found t o be a p p r o x i m a t e l y 6000. 
2.5 Resonant F r e q u e n c y and Q u a l i t y F a c t o r of a C a v i t y 
2.5.1 I n t r o d u c t i o n 
I n o r d e r t o d e t e r m i n e t h e d i e l e c t r i c l o s s of a g i v e n 
m a t e r i a l u s i n g p e r t u r b a t i o n method, t h e q u a l i t y f a c t o r ( Q ) 
o f t h e r e s o n a n t c a v i t y h a s t o be measured w i t h and 
w i t h o u t t h e specimen p r e s e n t and t h e l o s s can then be 
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c a l c u l a t e d from the f a l l i n the Q - f a c t o r v a l u e . 
The f a c t o r Q i s used t o determine the q u a l i t y of an 
o s c i l l a t o r y s y s t e m i n which the energy s t o r i n g and 
d i s s i p a t i v e p r o c e s s e s o c c u r p e r i o d i c a l l y C25 3. I t i s a l s o 
found t o be a c o n v e n i e n t symbol f o r s h a r p n e s s of 
r e s o n a n c e or s e l e c t i v i t y of a r e s o n a n t c i r c u i t [ 1 8 3 . I t 
i s d e f i n e d a s C 2 6 ] 
Energy s t o r e d i n c a v i t y 
Q = 2TT <2.1) 
E n ergy d i s s i p a t e d per c y c l e 
T h e r e a r e t h r e e k i n d s of q u a l i t y f a c t o r 
d i s t i n g u i s h e d . The f i r s t one i s t h e unloaded q u a l i t y 
f a c t o r , Qo , where o n l y the l o s s i n t h e c a v i t y i s taken 
i n t o a c c o u n t . The second one i s t h e loaded q u a l i t y 
f a c t o r , QL. , which r e p r e s e n t s the l o s s e s of the c a v i t y 
and t h e c o u p l i n g . The t h i r d one i s t h e e x t e r n a l q u a l i t y 
f a c t o r , Q E , where o n l y t h e l o s s e s due to an e x t e r n a l 
c i r c u i t a r e c o n s i d e r e d . These t h r e e t y p e s of q u a l i t y 
f a c t o r a r e r e l a t e d t o each o t h e r through the e q u a t i o n C 1 8 ] 
1 1 1 
= + (2.2) 
QL. QO Qe 
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which s t a t e s t h a t t h e t o t a l l o s s of energy i n the c a v i t y 
s y s t e m i s e q u a l t o the sum of t h e l o s s e s due t o the 
c a v i t y and t h e c o u p l i n g . 
F o r narrow-band r e s o n a n t s t r u c t u r e s or c i r c u i t s i t 
may be shown t h a t [ 2 7 ] 
f c 
= ( 2 . 3 ) 
f± - f a 
where fa, i s t h e r e s o n a n t f r e q u e n c y , and f i , f ^ a r e the 
f r e q u e n c i e s a t t h e half-power bandwidth p o i n t s . T h i s i s 
t h e r e l a t i o n s h i p which i s n o r m a l l y used i n d e t e r m i n i n g 
t h e l o a d e d Q of a c a v i t y . 
The u n l o a d e d Q and t h e r e s o n a n t Frequency, f o , f o r TE 
r e c t a n g u l a r , TE c y l i n d r i c a l , and TEM c o a x i a l c a v i t i e s 
a r e g i v e n by many a u t h o r s C 2 7 ] - C30 3 and t h e s e w i l l now 
be r e v i e w e d . 
2.5.2 TE R e c t a n g u l a r C a v i t y 
L e t t h e c a v i t y d i m e n s i o n s be A , B , and C . The 
r e s o n a n t f r e q u e n c y and t h e unloaded Q a r e then g i v e n by 
- 1 
c r ~ m 2 n 2 p 2 
= ( ) + ( ) + < ) 
2 L A B C _ 
(2 . 4 ) 
or 
m 2 n 2 p 2 
\ = 2 ( ) + ( ) + < ) <2.5) 
_ A B C _ 
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and 
0 6 ABC (a*+b=)(a=+b=+r*)=^« 
X 4 AC{a=»r=+(a=2+b=))+Bc(b=r2+(a=+b=»))+ABr = (a^+b^) 
(2.6) 
m n p 
where a = b = r = 
A B C 
a l s o 6 = s k i n depth , 
m = number of h a l f - p e r i o d v a r i a t i o n s of E along x , 
n = number of h a l f - p e r i o d v a r i a t i o n s of E along y , 
and p = number of h a l f - p e r i o d v a r i a t i o n s of E along z . 
2.5.3 TE C y l i n d r i c a l C a v i t y 
T h e s e c a v i t i e s a r e e a s i e r t o c o n s t r u c t m e c h a n i c a l l y 
have a h i g h q u a l i t y f a c t o r and a r e o f t e n used i n 
wavemeters. 
L e t t h e c a v i t y d i m e n s i o n s be L ( t h e l e n g t h of t he 
c a v i t y ) and D ( t h e diameter o f the c a v i t y ) . Then, f o r 
t h i s c a v i t y we have 
c r x„„ 2 qD 2 
= ( ) + ( ) 
D L TT 2L _ 
1/2 
(2. 7 ) 
2^ 
or 
2x™„ 2 q 2 
( ) + ( ) 
_ TT.D L _ 
-1/2 
\ = 2 ! <2-8) 
and 
Q5 
X 
2TT 
3/2 
m 2"] r 2 qTT D 2 
l - ( > (x„„) + ( ) 
, ^ mrv ^ «^ 2 L 
~ 2 qTT 2 D 3 D qTT D m 2~ 
+( ) ( ) +(1 )< ) 
_ 2 L L 2 L x„„ _ 
(2.9) 
inhere , 
X m r i = n t h r o o t of J m ( x ) = 0 
m = number o f f u l l - p e r i o d v a r i a t i o n s o f E,- w i t h r e s p e c t t o 6, 
n = number o f h a l f - p e r i o d v a r i a t i o n s of E« w i t h r e s p e c t t o r , 
and 
q = number of h a l f - p e r i o d v a r i a t i o n s of w i t h r e s p e c t to z. 
2.5.4 TEM C o a x i a l C a v i t y 
T h e s e c a v i t i e s a r e s u p e r i o r t o t h e o t h e r c a v i t i e s 
from t h e p o i n t o f view o f wide o p e r a t i o n a l f r e q u e n c y 
r a n g e . The r e s o n a n t f r e q u e n c y and t h e unloaded Q of a 
c o a x i a l c a v i t y w i t h o u t e r r a d i u s b, i n n e r r a d i u s a, and 
l e n g t h L a r e g i v e n by 
• _ f _ (2.10) 
r o — ~ X 
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or 
L a 
X = 2TTa( I n b/a) approx. (2.11) 
2d 
and 
-1 
Q6 = I + ( 1 / a + 1/b) (2.12) 
1 1 
1/b) 
_ L 21nb/a _ 
bjhere d i s the c a p a c i t a n c e gap , i . e . , the gap betueen 
t h e i n n e r conductor and t h e s h o r t c i r c u i t . 
2.6 E f f e c t of Temperature on Resonant C a v i t i e s 
The r e s o n a n t f r e q u e n c y of a c a v i t y w i l l v a r y w i t h 
c h a n g i n g t e m p e r a t u r e b e c a u s e of d i m e n s i o n a l v a r i a t i o n s . 
F o r a c a v i t y c o n s t r u c t e d of a s i n g l e m e t a l , the p e r c e n t -
age change i n r e s o n a n t wavelength w i l l be e q u a l t o the 
p e r c e n t a g e change i n l i n e a r d i m e n s i o n s , u h i c h i n t u r n 
depends on t h e e x p a n s i o n c o e f f i c i e n t of the m a t e r i a l of 
which t h e c a v i t y i s b u i l t . 
I n a d d i t i o n , i f t h e c a v i t y i s not s e a l e d , t h e r e w i l l 
be a change i n r e s o n a n t f r e q u e n c y because of t h e v a r y i n g 
d i e l e c t r i c c o n s t a n t of a i r w i t h changing t e m p e r a t u r e and 
h u m i d i t y . 
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2.7 A p p l i c a t i o n s 
At t h e h i g h e r r a d i o f r e q u e n c i e s , c o i l and c a p a c i t o r 
n e t w o r k s become d i f f i c u l t t o c o n s t r u c t on account of 
s m a l l s i z e s of the e l e m e n t s and the l a r g e e f f e c t s of the 
i n t e r c o n n e c t i n g w i n d i n g s . T h e r e has been a tendency to 
r e p l a c e c o i l s by s m a l l lengths of t r a n s m i s s i o n l i n e s , and 
t h e s e have been u s e d i n many a p p l i c a t i o n s . 
The most o b v i o u s a p p l i c a t i o n of a r e s o n a n t c a v i t y i s 
a s a s u b s t i t u t e f o r lumped components. The c a v i t y has the 
a d v a n t a g e s over t h e lumped components i n s i m p l i c i t y , 
manageable p h y s i c a l s i z e a t high f r e q u e n c i e s and very low 
l o s s e s . C o n s e q u e n t l y , c a v i t i e s p l a y t h e r o l e of r e s o n a t -
o r s and a r e u t i l i z e d i n t h e f o l l o w i n g microwave c i r c u i t s : 
( i ) G e n e r a t o r s : The f r e q u e n c y of o s c i l l a t i o n of most 
microwave g e n e r a t o r s , s u c h a s K l y s t r o n s and 
magnetrons i s determined by a r e s o n a n t c a v i t y . 
( i i ) F r e quency Meters: A c a v i t y of a d j u s t a b l e 
d i m e n s i o n s i s used t o measure the frequency or 
f r e q u e n c i e s of microwave s i g n a l s . 
( i i i ) F i I t e r s : The f r e q u e n c y - s e l e c t i v e p r o p e r t i e s of 
r e s o n a n t c a v i t i e s a r e u s e d i n the design of 
f i l t e r s , most o f t e n band—pass or band-stop. 
The r e s o n a n t c a v i t i e s a r e a l s o employed i n measuring 
t h e p r o p e r t i e s of m a t e r i a l s which i s the a r e a of i n t e r e s t 
of t h i s r e s e a r c h p r o j e c t . I n t h i s c a s e the m a t e r i a l 
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i n s i d e t h e c a v i t y i n t e r a c t s w i t h the f i e l d and m o d i f i e s 
t h e r e s o n a n c e c h a r a c t e r i s t i c s . I n f o r m a t i o n about the 
m a t e r i a l may then be o b t a i n e d from t h e m o d i f i e d 
c h a r a c t e r i s t i c s and t h e a c t u a l p o s i t i o n of the sample i n 
t h e f i e l d d i s t r i b u t i o n i s of importance. 
The c a v i t i e s a l s o p l a y a r o l e i n h e a t i n g a p p l i c a -
t i o n s . I n microwave ovens, t h e e l e c t r o m a g n e t i c energy 
produced by a magnetron u s i n g r e s o n a n t c a v i t i e s t o heat 
up, cook, or dry a m a t e r i a l p l a c e d i n s i d e a c o n t a i n e r . 
T h i s was d i c o v e r e d i n 1945 when a manufacturer of r a d a r 
magnetrons found out t h a t microwaves can g e n e r a t e h e a t . 
T h i s e f f e c t was r a p i d l y a p p l i e d i n the d e s i g n of ovens, 
and o t h e r h e a t i n g p r o c e s s e s . 
T h e r e a r e e n d l e s s u s a b l e p h y s i c a l forms of a c a v i t y 
r e s o n a t o r and t h e c h o i c e i s u s u a l l y made by the 
a p p l i c a t i o n r e q u i r e d . P r a c t i c a l examples of t h e s e can be 
d i v i d e d i n t o two groups. The f i r s t u s e s g e o m e t r i c s h a p e s 
s u c h a s c y l i n d e r s , p r i s m s , s p h e r e s or e l l i p s o i d s . The 
s e c o n d may u t i l i s e t r a n s m i s s i o n l i n e s a s r e s o n a n t 
s t r u c t u r e s . 
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CAHPTER 3 
RESONANCE PERTURBATION THEORY AND FORMULAE 
3.1 I n t r o d u c t i o n 
The r e s o n a n c e p e r t u r b a t i o n method i s one of the most 
i m p o r t a n t t e c h n i q u e s t h a t has been d e v i s e d f o r d e t e r m i n -
in g t h e d i e l e c t r i c p r o p e r t i e s of m a t e r i a l s . 
The purpose of t h i s c h a p t e r i s to p r e s e n t d e t a i l e d 
d e r i v a t i o n s of the " p e r t u r b a t i o n f o r m u l a s " f o r t h e 
f r e q u e n c y s h i f t and the r e d u c t i o n i n the 0 - f a c t o r of a 
r e s o n a n t s y s t e m when a sample of d i e l e c t r i c m a t e r i a l i s 
i n t r o d u c e d . I t i s the aim i n t h e d e r i v a t i o n s to s t a t e 
c l e a r l y what a s s u m p t i o n s a r e made so t h a t the a c c u r a c y of 
t h e c a l c u l a t e d r e s u l t s can be a s s e s s e d and hence b e t t e r 
e x p e r i m e n t a l methods developed. 
When a sample of d i e l e c t r i c m a t e r i a l i s i n t r o d u c e d 
i n t o a r e s o n a n t system, i t s frequency of r e s o n a n c e i s 
a l t e r e d by a s m a l l amount(perturbed) and i t s s e l e c t i v i t y , 
r e p r e s e n t e d by a Q - f a c t o r i s lowered. These e f f e c t s a r e 
r e l a t e d t o t h e d i e l e c t r i c p r o p e r t i e s of the sample. 
As the name ' p e r t u r b a t i o n " i m p l i e s the system w i t h o u t 
and w i t h the sample p r e s e n t s two v e r y c l o s e s i t u a t i o n s i n 
b e h a v i o u r . The r e l a t i o n between t h e changes i n f r e q u e n c y 
and s e l e c t i v i t y and t h e d i e l e c t r i c p r o p e r t i e s can be 
d e r i v e d u s i n g t h e s o c a l l e d " p e r t u r b a t i o n t h e o r y " . The 
t h e o r y has been f o r m u l a t e d by s e v e r a l a u t h o r s and the 
e a r l i e s t t r e a t m e n t by Bethe and Schwinger C 3 1 ] c o n s i d e r e d 
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p e r t u r b a t i o n a s b e i n g a s m a l l deformation of the boundary 
s u r f a c e of t h e c a v i t y . C a s i m i r C323 has a p p l i e d the 
t h e o r y t o t h e c a s e of a c a v i t y where a s m a l l body i s 
i n t r o d u c e d . The r e l a t i o n between f r e q u e n c y s h i f t and 
d e f o r m a t i o n i s now w e l l known from t h e above a n a l y s e s , 
however, none of them p r e s e n t e d the d e r i v a t i o n s i n any 
g r e a t d e t a i l and c o n s e q u e n t l y the a s s u m p t i o n s on which 
t h e t h e o r y i s based were not a p p a r e n t . Waldron C 3 3 ] a t a 
l a t e r d a t e p u b l i s h e d a paper on the d e r i v a t i o n of the 
p e r t u r b a t i o n f o r m u l a d i s c u s s i n g t h e assumed a p p r o x i m a t i o n s . 
3.2 P e r t u r b a t i o n Formula f o r a Resonant C a v i t y 
3.2.1 G e n e r a l R e l a t i o n s i n a P e r t u r b e d F i e l d 
The c a v i t y p e r t u r b a t i o n methods employed f o r measure-
ments of d i e l e c t r i c c o n s t a n t i n v o l v e a p p r o x i m a t i o n s i n 
t h e i r f o r m u l a t i o n which l e a d t o a c c e p t a b l e r e s u l t s o n l y 
under v e r y r e s t r i c t e d c o n d i t i o n s . F i r s t , t h e sample must 
be v e r y s m a l l a s compared w i t h t h e c a v i t y d imensions so 
t h a t t h e f r e q u e n c y s h i f t produced by the i n s e r t i o n of the 
s a mple i s s m a l l a s compared w i t h the r e s o n a n t f r e q u e n c y 
of t h e empty c a v i t y . Second, the f i e l d s i n t he sample a r e 
assumed t o be s t a t i c i f t h e sample i s s m a l l a s compared 
t o t h e w a v e l e n g t h , o r t h e f i e l d i n t h e r e g i o n where t h e 
s a mple i s i n t r o d u c e d must be uniform. 
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L e t t h e e l e c t r i c and magnetic f i e l d s i n t he u n p e r t u r b e d 
c a v i t y be 
Jwt 
E = Eo e ( 3 . 1 ) 
and 
j w t 
H = Ho e <3.2) 
where E© and Ho a r e f u n c t i o n s of p o s i t i o n . The f i e l d 
magnitudes s h o u l d not be s o l a r g e a s t o c a u s e d i e l e c t r i c 
breakdown i n t h e c a v i t y or a p p r e c i a b l e h e a t i n g of the 
w a l l by i n d u c e d c u r r e n t s . On i n t r o d u c i n g a s m a l l 
d i e l e c t r i c sample, t h e f i e l d s and t h e r e s o n a n t f r e q u e n c y 
a r e a l t e r e d a s f o l l o w s : 
j (ui + 5 w) t 
E^= (Eo + E i ) e <3.3) 
and 
j (w +5 w) t 
H^= (Ho + H i ) e ( 3 . 4 ) 
where i t i s assumed t h a t the f i e l d s i n t h e p e r t u r b e d 
s i t u a t i o n can be r e p r e s e n t e d a s t h e sums of the u n p e r t u i — 
bed f i e l d s Eo or Ho and a d d i t i o n a l s m a l l f i e l d components 
E l or Hx accompanied by a f r e q u e n c y change. 
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S u b s t i t u t i n g eqn5.(3.1) and (3.3) i n t o Maxwell's 
c u r l e q u a t i o n f o r t h e E f i e l d y i e l d s 
-aEo 
VxEo = = -jiuBo (3.5) 
a t 
and 
Vx(Eo + E l ) = - J ( w +6w)(Bo + B i ) (3.6) 
which on s u b s t r a c t i o n g i v e s 
VxEi = -jCwEi +6 fi(Eo + B i ) 3 (3.7) 
S i m i l a r l y , u s i n g M a x w e l l ' s c u r l e q u a t i o n s f o r t h e H f i e l d 
r e s u l t s i n 
VxHi = jCwDt +6w(Do + D i ) : (3.8) 
Now, adding s c a l a r p r o d u c t s 
Eo-VxHi and Ho.VxEj, g i v e s 
Eo.VxHi + Ho.VxEi = jw CEo.Di - Ho-Bil 
+J6W|EO.DO - Ho.Bo) + (Eo-Di - Ho.Bi) 
(3.9) 
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and u s i n g t h e v e c t o r i d e n t i t y C 3 4 ] 
V.C (HoxEi) + (EoxHx) ] = Ei.VxHo-Ho.\;icEi+Hi.^o-Eo.\^Hi 
(3.10) 
r e s u l t s i n 
Ho.VxEi+Eo.VxHi = jw(Ei.Do-Hi.Bo)-V.C(HoxEi)+(EoxHi)] 
(3.11) 
On s u b s t i t u t i o n i n t o e q n . ( 3 . 9 ) g i v e s f i n a l l y . 
jw(Ei.Do - Hi.Bo) - V.C(HoxEi) + (EoxHi)] 
= jw(Eo.Di-Ho.Bi)+j6«uC (Eo.Do-Ho.Bo) + (Eo.Di-Ho.Bi) 3 (3.12) 
3.2.2 D e r i v a t i o n o f t h e P e r t u r b a t i o n Formula 
I f we wi s h t o u s e t h e r e l a t i o n s d e r i v e d i n the 
p r e c e d i n g p a r a g r a p h s f o r a c a v i t y c o n t a i n i n g a sample 
then t h e d i m e n s i o n s of both must be i n c l u d e d i n any 
i n t e g r a t i o n o ver t h e f i e l d r e g i o n s . 
L e t Vo be t h e volume of t h e c a v i t y and VB the volume 
of t h e sample i n F i g . 3 . 1 . 
I n t e g r a t i n g e q u a t i o n ( 3 . 1 2 ) over t h e volume V© g i v e s 
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Perfect Electric Conductor a 
Perfect Magnetic Conductor 
FIG 3.1: Homogeneous Cavity and Sample of 
Arbitrary Shapes 
FIG a2: EcMvalent Circuit of a Resonant Cavity 
3^ 
• w (Ei.Do - Hi.Bo)dv - V.C(HoxEi) + (EoxHi)Ddv 
Vo 
= JW (Eo- D i-Ho- E1 ) dv+j6 w C(Eo.Do-Ho.Bo)+(Eo.Di-Ho.Bi)Idv 
(3.13) 
The d i v e r g e n c e i n t e g r a l over t h e c a v i t y volume may be 
r e p r e s e n t e d u s i n g Green's Theorem C 3 4 ] a s the i n t e g r a l 
o v e r t h e c a v i t y s u r f a c e , i . e . 
V .(HoXEi + EoXHx)dv = 
Vo 
(HoxEi + EoxHD.nds 
So 
(3.14) 
where So i s t h e s u r f a c e of the c a v i t y and n i s the u n i t y 
v e c t o r normal t o t h e element s u r f a c e ds, ( s e e F i g . 3 . 1 ) . 
A s t h e c a v i t y w a l l s a r e assumed t o be p e r f e c t conducting 
s u r f a c e s , and HoxEx and EoxHi a r e t a n g e n t i a l t o the w a l l s , 
t h e two s c a l a r p r o d u c t s w i t h n a r e z e r o and the 
d i v e r g e n c e i n t e g r a l v a n i s h e s , i . e . 
(HoxEi).n = (EoxHi).n = 0 
s i n c e 
EoxHi n c o s e = 0 where 9 = 90 
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I n a d d i t i o n , assuming t h a t when the f r e q u e n c y s h i f t , 5 
i s v e r y s m a l l , 
Di << Do and Bi << Bo 
w h i c h f i n a l l y r e d u c e s eqn.(3.13) to 
l( E l . Do-H 1. Bo) dv=jw (Eo. D i-Ho- B i ) dv+j6 w (Eo.Do-Ho- Bo)dv 
Now, o u t s i d e t h e sample, i . e . Vo - Vs volume 
(3.15) 
Bo = = ^«>Ho, Do = EoEo, Di = E c E i , Bi = ^oH, 
and i n s i d e t h e sample, i . e . Vs volume 
Bi = l i i H i , and Di = CiEj 
T h e r e f o r e , s i n c e E i , Hi, Di, and Bi o n l y have v a l u e s 
i n s i d e t h e sample, t h e i n t e g r a t i o n i s over t h e Vs volume; 
hence eqn. ( 3 . 1 5 ) now becomes 
36 
^ r 
jw (Ei.Do-Hi.Bo)dv=jw (Eo.Di-Ho-Bi )dv+j5uj (Eo-Do-Ho-Bo) dv 
J J ^ 
V, 
(3.16) 
I t i n g i n t h e C a v i t y P e r t u r b a t i o n Formula, i , r e s u l t i n g 
6 f t 
w. 
C (jJi-p=)Ho. Hi - ( Ci-e = ) E o . E i ]dv 
(3.17) 
CtoEo-Eo - ^cHo-Holdv 
where f i e l d d e n s i t i e s D & B a r e r e p l a c e d by E & H f i e l d 
i n t e n s i t i e s . 
The sample may be c o n s i d e r e d t o be homogeneous, i n 
which c a s e tx and | J I a r e c o n s t a n t s and s i n c e maximum 
e n e r g i e s s t o r e d i n e l e c t r i c and magnetic f i e l d s a r e a l s o 
e q u a l 
. 2 
Eo dv = 
r 
Ho 
2 
dv 
J 
Vo Vo 
where E i = Zr-Z o and U t = 
E q n . ( 3 . 1 7 ) now becomes 
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(^^yic-|i=.) \Ho.Hidv - ( E v E o -£ = ) \ E o . E i d v 
6 (3.18) 
w- 2£. dv 
and s i n c e | i i = or y 
nonmagnetic, f i n a l l y r e s u l t s i n 
^= 1 f o r the sample which i s 
Eo-Eidv 
6 Wc (3.19) 
w. dv 
where zr- i s t h e r e l a t i v e d i e l e c t r i c c o n s t a n t of 
m a t e r i a l sample. 
the 
3.3 R e l a t i o n s h i p between t h e Resonant F r e q u e n c y 
and t h e Q - f a c t o r 
The r e l a t i o n s f o r t h e f i e l d s w i t h i n t h e c a v i t y may be 
e x p r e s s e d by wave e q u a t i o n s 
+ k^ E^ = 0 
and 
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V '^H + k=*H = D 
The two e x p r e s s i o n s a r e t h e t h r e e - d i m e n s i o n a l H e l m h o l t z ' s 
e q u a t i o n s where, 
k^ = -jmjJ ( j w E +(f ) 
from which on s o l v i n g t h e q u a d r a t i c i n w g i v e s p o s i t i v e 
r o o t a s 
w = J + / ( ) 
2C J lit 2£ 
o r i n g e n e r a l 
W = Wr- + J W i 
where 
k / k== 0' 2 cf 
= , tii^ = ( ) ?s Wo and Wi= , (3.20) 
lE 2£ 2E 
The e q u i v a l e n t c i r c u i t of a r e s o n a n t c a v i t y may be 
r e p r e s e n t e d by t h e diagram i n F i g . 3 . 2 . 
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The Q - f a c t o r of t h e c i r c u i t i s d e f i n e d a s C18,261 
ujo X maximum energy s t o r e d 
Qo = a v e r a g e power d i s s i p a t e d 
w h i c h l e a d s t o 
WcC W o £ 
^ ° G cr 
S u b s t i t u t i n g e q n . ( 3 . 2 0 ) i n t o above r e s u l t s i n 
^ (3.21) Qo = ^ 2wi 2wi 
E x p a n d i n g t h e e x p r e s s i o n 
6 Wc Wi - w. 
Wo 
r e s u l t s i n C181 
5 Wc, A U l r - o + J A U J t , 
A W r - o + J A U J i o W t o 
(1 - j ) (3.22) 
UJ^c(l-J= ) 
where 
A « D i e » = f ± i — W i o 1 
/ U J i o \2 
Since ) << 1, eqn.(3.22) now becomes 
+ j< ) (1 - J ) (3.23) 
U l o W r - o ^r-o W r - o W i r e . 
S u b s t i t u t i n g eqn.(3.21> in eqn.(3.23) gives 
6 UJo A U l r - o J 1 1 ^ 
- + ( ) (1 - J ) (3.24) 
l u^o 2 Q i Qo 2Q o 
1 Si n c e << 1, eqn.(3=24) r e s u l t i n g in 
2Q o 
6 uio A f o J 1 1 
rs, + ( ) (3.25) 
uio f o 2 Q i Qo 
which i s a u s e f u l p r a c t i c a l equation r e l a t i n g the change 
in Q-factor to the s h i f t in frequency Lfo= f i - f o -
3.4 D i e l e c t r i c P r o p e r t i e s of a Perturbing Sample 
When a ma t e r i a l sample i s introduced in a c a v i t y , the 
resonance frequency and the Q - f a c t o r of the ca v i t y mi 11 
change. The d i e l e c t r i c p roperties of the material sample 
may then be w r i t t e n in terms of frequency s h i f t and 
change in Q - f a c t o r of the c a v i t y . 
Equation (3.25) provides the l i n k between the measured 
q u a n t i t i e s ( f o , f * , Q o , Q i ) and the t h e o r e t i c a l expressions 
i n v o l v i n g 6 U J / W in eqn.(3.19). Equating both equations, 
the r e l a t i v e d i e l e c t r i c constant must eventually be 
E o . Eidv 
A f o J 1 1 - 1 V s 
+ ( ) = (3.26) 
f o 2 Qx Qo 2 \\ ^ 
E o dv 
U2 
Here the f i e l d Eo in the empty c a v i t y i s presumed to 
be known and only the perturbed f i e l d E i in the sample 
volume Vs remains unknown. Ex i s found only with the 
knowledge of sample geometry and Eo. 
Since E «~ = ^ ~ J £ ° where i s the p e r m i t t i v i t y and 
e" the d i e l e c t r i c l o s s and by separating r e a l and 
imaginary p a r t s , eqn.(3.26) y i e l d s 
Eo dv 
A f « 
e'= 1 + 2-
Eo.Eidv 
Eol'dv 
e" = (• 
Eo-Eidv 
but 
(3.27) 
(3.28) 
dv 
Vo 
Eo.Eidv 
V. 
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which leads to 
2 
Eo dv 
Vo 
= F(X,y,z ) 
Eo. E idv 
where F ( x . y . z ) i s the function of the c a v i t y and specimen 
determined by the proportion of E appearing in the 
specimen and i s given by 
^ Eo dv 
Vs Vo 
F ( x , y , z ) = (3.29) 
Vo 
Eo.Eidv 
Vs 
Eqns.(3.27) and (3.28) now become 
A fo Vo 
1 + 2 F(x,y,x) (3.30) 
1 1 Vo 
e" = ( ) F( x , y , z ) (3.31) 
Qi Qo Vs 
which i s the general c a v i t y perturbation formula giving 
the specimen p r o p e r t i e s . 
3.5 A p p l i c a t i o n s of Resonance Perturbation Theory 
3.5.1 Introduct ion 
The perturbation formulae, i - e , eqns. (3.30) and 
(3.31), can be applied to resonant c a v i t i e s of d i f f e r e n t 
shapes. The purpose of t h i s para. i s to present the 
a p p l i c a t i o n s of the perturbation formulae to 
H i o i mode rectangular, 
HoXI mode c i r c u l a r , 
and TEM c o a x i a l c a v i t i e s . 
3.5.2 H i o t Rectangular Cavity 
As the f i r s t example of the a p p l i c a t i o n of the 
perturbation formulae , l e t us consider a rectangular 
c a v i t y in the H i o i mode with dimensions A,B,C as shown in 
Fig.3.3 . 
The normalized f i e l d in a rectangular c a v i t y are e a s i l y 
found and can be expressed in a trigonometrical form. For 
the TE modes the f i e l d s are given by L2B2. 
i.5 
(a) 
(b) 
H-ne»d E-Fidd 
FIG a3: (a) Mode Rectangular Cavity 
(b) Top View of E and H Fields 
46 
Ex = - c o s ( k i X ) s i n ( k 2 y ) s i n ( k 3 z ) 
k 
Ev - s i n ( k i X ) c o s ( k ^ y ) 5 i n ( k s Z ) 
k 
E z = 0 
(3.32) 
where 
mTT nTT pTT 2TT 
= , ka = , k3 = , A -
A B C k 
and 
= k= + k/* + k|* 
The r e s t r i c t i o n i s that m , n , or p > 0 where , 
m = number of h a l f - p e r i o d v a r i a t i o n s of E along x , 
n = number of h a l f - p e r i o d v a r i a t i o n s of E along y , 
p = number of h a l f - p e r i o d v a r i a t i o n s of E along z . 
The general expression for the f i e l d s of an H i m mode 
in a rectangular c a v i t y can now be obtained from the 
above equations giving 
Ex = Ex = 0 
Ev = 
C TTx TTz 
~ s i n s i n 
A C 
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r e s u l t i n g i n , 
Ev = Em.w.sin s i n 
TTx TTz 
(3.33) 
I n t e g r a t i o n of Ev over the volume of the c a v i t y gives , 
A B C 
2 r r r ^ ^ ""^ ^ 
Ev| dv = EL.<. \\\ ^ = — - — ) d x d y d z 
Vo 0 0 0 
, ABC 1 o 
= E L « . = ELM.VO <3.34) 
A 4 
assuming that the sample with a volume V s i s located i n 
an e s s e n t i a l l y uniform f i e l d , i . e . , at the centre of the 
c a v i t y where x = A/2 and z = C/2. This i s in f a c t the 
maximum f i e l d , E^^M. 
The i n t e g r a l over Vs, therefore, can be w r i t t e n 
^ . , _ p2 y (3.35) Ev dv = EmmK.vs 
Vs 
Now, the function F ( x , y , z ) can be found for t h i s case 
by combining eqns.(3.29),(3.34) and (3.35) r e s u l t i n g in 
A8 
Vs Vo 
F ( x , y , z ) = 
Vo 
E o . E i d v 
Vs 1 E^.x.Vo 1 
Vo 4 E^.^.Va 4 
(3.36) 
For a rectangular c a v i t y in the H i o i mode, the 
specimen p r o p e r t i e s are now given by 
1 Afo Vo 
1 + (3.37) 
2 f o Vs 
1 1 1 Vo = < ) (3.38) 
A Qi Qa Vs 
3.5.3 H o n C y l i n d r i c a l Cavity 
For the second example of the formula a p p l i c a t i o n , 
l e t us consider a r i g h t c i r c u l a r c y l i n d r i c a l c a v i t y in 
H o n mode with dimensions L and D as shown in F i g . 3.4 . 
The normalized f i e l d s for the TE—modes c y l i n d r i c a l 
c a v i t y , as given by Montgomery [281 are 
1.9 
(a) 
F I 6 3.A: (a) HQH Mode Cylincb-ical Cavity 
(b) Top VK2W of E and H Fields 
FIG 3 5: VariabiGS InvolvGd in Coaxial Cavity 
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J m ( k i r ) 
Er = — m s i n (m8 ) s i n ( k s Z ) 
k i r 
Ee = - Jm(kxr)cos(m6)sin<k3z) 
E z = 0 
(3.39) 
where. 
2 X _ qTT , ^ , k3 = , kf = k| + kf , X = -----
D L ^ 
and Xmri = Roots of Jm(x) and Jm(x) 
The r e s t r i c t i o n s are that n > 0 and q > 0 
where, m = number of f u l l - p e r i o d v a r i a t i o n s of Er with 
respect to 6. 
n = number of h a l f - p e r i o d v a r i a t i o n s of E© with 
r e s p e c t to r . 
q = number of h a l f — p e r i o d v a r i a t i o n s of Er with 
resp e c t to z. 
From the above equations, the general expression for 
the f i e l d s of H o n mode in a c y l i n d r i c a l c a v i t y can now 
be obtained, i . e . 
Er = Ez = 0 
TTz 
E« = - 3.832sin-
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1. e. 
TTz 
E» = E„«^.sin- (3.40) 
To determine the function F ( x , y , z ) , a suggested 
s o l u t i o n i s presented below. 
I n t e g r a t i n g over the volume of the c a v i t y g i v e s , 
Eq dv = E „ « « . 
D/2 2TT L 
0 0 0 
TTz 
s i n = rdrdedz 
L 
2 
E^.„.2TT 
8 
1 L 2TT 
z s i n z 
2 4 r r L 
= E„«„.D=*L 
8 
Eel = E^.x.Vo 
2 
(3.41) 
I f a sample of small volume Ve i s placed at z = L/2 , 
the f i e l d i n that sample w i l l be 
TT 
E»s = E„«H.. s i n (L/2) = E„., 
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I n t e g r a t i n g over Vs y i e l d s , 
E«.E«sdv = E 2 . . . VS <3.42) 
New, the function F ( x , y , z ) can be obtained by combin-
ing eqns.(3.29),(3.41), and (3.42), i . e . . 
F ( x , y , z ) = 
Vs Vo 
Vo 
E«.E9sdv 
Vs Vo.Ei..^./2 
= 1/2 (3.43) 
Vo Vs-E?.., 
Therefore, for the specimen of the material i n s e r t e d 
in an Hoix mode c y l i n d r i c a l c a v i t y the r e l a t i v e 
d i e l e c t r i c constant and l o s s are given by 
A f o Vo 
e = 1 ^ <3.44) 
f o Vs 
1 1 1 Vo £. = < ) <3.45) 
2 Qx Qo V« 
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3.5.4 TEM Coaxial Cavity 
Equations (3.30) & (3.31) are a l s o a p p l i c a b l e to the 
measurements in a c o a x i a l c a v i t y . The only problem a r i s e s 
i s how to determine the function F(x,y,z) for t h i s case. 
At the lower range of frequency, where the inner 
conductor i s almost c l o s e to the pl a t e , a t h e o r e t i c a l 
s o l u t i o n for F ( x , y , z ) i s suggested below . 
Sander and Reed C353 have represented the e l e c t r i c 
f i e l d in the TEM c o a x i a l c a v i t y by 
In b/a 
exp. (-j j3 z ) (3.46) 
where v j l ^ i s a constant and the other symbols are defined 
a s shown in Fig.3.5 . 
I n t e g r a t i o n of (3.46) over the volume of the c a v i t y g i v e s . 
p i n b/a 
dv 
L 2TT b 
( I n b/a)=» J J J 
z=o <t)=o p =a 
= ^Ji . 2TT.L.ln b/a 
( I n b/a)=* 
I . e . 
5/. 
dv = 
In b/a b= - a= 
-.V< (3.47) 
s i n c e 
Vo « TTL(b=2 - a^) 
Suppose now the sample i s located in the region h a l f 
way between p =a and p=b . Inte g r a t i n g next over the 
sample volume , Vs , leads to 
V s 
(b - a ) . I n b/a 
dv 
4 vy= Vs 
( I n b/a)=» (b - a) = 
(3.48) 
assuming that the sample i s very small and the cav i t y 
without and with the sample i s only s l i g h t l y perturbed. 
Combining eqns.(3.29),(3.47) and (3.48) gives, therefore, 
the r e q u i r e d f a c t o r 
I . e . 
(b - a) 
F( x , y , z ) = •In b/a (3.49) 
(b + a) 
In the p r a c t i c a l c a v i t y constructed, where 2a = 4.75mm, 
2b = 15.2mm , the function F(x,y,z) was found to be 
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F ( x , y , z ) fn 1/3.28 (3.50) 
and eqns.(3.30) and (3.31) become, therefore , 
2 A f o Vo = 1 + (3.51) 
3.28 f o Vs 
1 1 1 Vo 
t " = ( ) (3.52) 
3.28 Qi Qo Va 
According to Hansen C36 3, Lamont and G l a z i e r C27:, 
the e l e c t r i c f i e l d pattern in a c o a x i a l c a v i t y behaves as 
shown in Fig.3.6 and Fig.3.7 , r e s p e c t i v e l y . Therefore, 
eqns. (3.51) and (3.52) w i l l s t i l l be approximately v a l i d 
for c o a x i a l c a v i t i e s i n which the capacitance gap i s 
small because the e l e c t r i c f i e l d i s uniform and 
concentrated w i t h i n the gap region. 
At the upper end of the frequency range the 
capacitance gap i s wide , i . e . , low capacitance, which may 
lead to the nonuniformity of the e l e c t r i c f i e l d . In t h i s 
case a t h e o r e t i c a l s o l u t i o n for the function F ( x , y , z ) 
might not be easy to f i n d 
To overcome t h i s problem , a known mat e r i a l with 
known f and e" has to be used to determine the function 
F ( x , y , z ) experimentally. 
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t t t • I 
j i i . 
(a) 
FIG 3.6: Qualitati\A2 Drawings 
of an Assumed Fidd 
Distribution 
(b) 
Another, and Better 
Reid Distribution 
I 
RG 3.7: Electric Field Pattern in a Resonant Cavity 
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CHAPTER 4 
RESONANT COAXIAL CAVITY 
4.1 C h a r a c t e r i s t i c s of a T r a n s m i s s i o n L i n e 
4.1.1 I n t r o d u c t i o n 
T r a n s m i s s i o n l i n e i s t h e p r e f e r r e d term t o d e s c r i b e a 
t r a n s m i s s i o n s y s t e m w i t h two or more m e t a l l i c c o n d u c t o r s 
e l e c t r i c a l l y i n s u l a t e d from one a n o t h e r , f o r i n s t a n c e the 
two-wire l i n e and t h e c o a x i a l l i n e . 
Uhen t he l e n g t h of an e l e c t r i c a l c onductor i s of the 
same o r d e r of magnitude a s t h e wavelength, t h e t r a n s i t 
t i me of a s i g n a l i s comparable t o i t s p e r i o d , and can not 
be n e g l e c t e d . The l e n g t h and s i z e of t h e c o n d u c t o r s and 
t h e i r g e o m e t r i c a l s e t t i n g , t h e r e f o r e , become impo r t a n t 
p a r a m e t e r s a t hi g h f r e q u e n c i e s . 
To f a c i l i t a t e an u n d e r s t a n d i n g of t h e f o l l o w i n g 
c h a p t e r , t h e e q u a t i o n s and g e n e r a l r e l a t i o n s of a 
t r a n s m i s s i o n l i n e a s they a p p l y to r e s o n a n t c a v i t y 
s t r u c t u r e s w i l l be b r i e f l y r e v i e w e d f i r s t . 
4.1.2 P r i m a r y C o n s t a n t s of a T r a n s m i s s i o n L i n e 
I n d e f i n i n g t h e p r i m a r y c o n s t a n t s of a t r a n s m i s s i o n 
l i n e , i t i s n e c e s s a r y t o develop a r e p r e s e n t a t i v e 
e q u i v a l e n t c i r c u i t . Such a c i r c u i t i s shown i n F i g . 4 . 1 
and i t c o n t a i n s t h e f o u r p r imary e l e m e n t s of t h e l i n e , 
r e s i s t a n c e , c o n d u c t a n c e , i n d u c t a n c e and c a p a c i t a n c e (R, 
6, L and C ) which a r e e x p r e s s e d a s t he v a l u e s per u n i t 
5 8 
cr 
cn c o 
< 
E 
5 
113 
O ^ 
•I ' K ! 
U) S 
5 1= 
u. 
5 9 
l e n g t h d i s t r i b u t e d u n i f o r m l y along t h e l i n e C373 . 
T h e r e f o r e , a s m a l l l e n g t h of l i n e w i l l have a s e r i e s 
impedance (R+JuiL)6 x and a shunt a d m i t t a n c e ( G + J U J C ) 5 X . 
At high f r e q u e n c i e s t h e a . c r e s i s t a n c e per u n i t 
l e n g t h i s o f i m p o r t a n c e and i s g i v e n by C 2 7 ] 
1 
1 f u>yx(> \ f 1 1 >^  
R..= = 
2TT V 2 ^ a b 
where, 
u) = a n g u l a r f r e q u e n c y , 
|j = conductor p e r m e a b i l i t y , 
p = con d u c t o r r e s i s t i v i t y , 
a = r a d i u s of t h e i n n e r conductor, 
b = r a d i u s of t h e o u t e r c o n d uctor. 
<4. 1 ) 
Consequent l y , t h e pr i m a r y c o n s t a n t , R, i s the t o t a l 
r e s i s t a n c e of t h e l i n e per u n i t l e n g t h and i s g i v e n by 
R = R « . c r + R.^ . 
where, 
1 1 
R..= = f < - > 
T T a * TTb=* 
The l i n e i n d u c t a n c e i s t h e r e s u l t of t h e magnetic 
f i e l d e s t a b l i s h e d around t h e c o n d u c t o r s a s t h e c u r r e n t 
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f l o w s through them and i s e f f e c t i v e l y i n s e r i e s w i t h l i n e 
r e s i s t a n c e . I t i s s u b s t a n t i a l l y dependent on the t o t a l 
f l u x i n t h e d i e l e c t r i c s p a c e and, to a l e s s e r e x t e n t , on 
t h e f l u x l e a k a g e s w i t h i n t h e c o n d u c t o r s . For a c o a x i a l 
l i n e t h e i n d u c t a n c e per u n i t l e n g t h i s g i v e n by C38 3 
L = — ^ — l n ( b / a ) <^-2) 
2TT 
where 
a p p l i e s t o t h e d i e l e c t r i c medium between c o n d u c t o r s . 
C a p a c i t a n c e between t h e two co n d u c t o r s w i l l a l s o be 
p r e s e n t . They can be thought of a s p l a t e s of a c a p a c i t o r , 
w i t h a v o l t a g e e x i s t i n g a c r o s s them. The c a p a c i t a n c e per 
u n i t l e n g t h C, w i l l depend on t h e l i n e c o n f i g u r a t i o n and 
r e l a t i v e p e r m i t t i v i t y of t h e d i e l e c t r i c , and can be e x p i — 
e s s e d a s C 38 3 
ln<b/a) 
where 
£ a p p l i e s t o t h e d i e l e c t r i c medium between c o n d u c t o r s . 
F i n a l l y , due t o t h e i m p e r f e c t i o n s of t he d i e l e c t r i c 
medium some l e a k a g e c u r r e n t w i l l f l o w between t h e conduc-
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t o r s . T h i s c o n d u c t i o n , or l e a k a g e path, may be r e p r e s e n t -
ed by a s h u n t r e s i s t a n c e or, more c o n v e n i e n t l y , by a 
c o n d u c t a n c e G per u n i t l e n g t h between the c o n d u c t o r s 
whose v a l u e can be c a l c u l a t e d from the f o l l o w i n g e q u a t i o n 
:27D. 
G = wC t a n 6 ( 4 . 4 ) 
where 
5 i s the l o s s a n g l e which v a r i e s w i t h f r e q u e n c y . 
4.1.3 S e c o n d a r y P a r a m e t e r s of a T r a n s m i s s i o n L i n e 
The p r i m a r y c h a r a c t e r i s t i c s of a t r a n s m i s s i o n l i n e 
l e a d t o s e c o n d a r y p a r a m e t e r s , namely, t h e c h a r a c t e r i s t i c 
impedance, Zo, a t t e n u a t i o n , (X , and phase, /3 . They a l l 
depend on and can be e x p r e s s e d i n terms of d i s t r i b u t e d 
p r i m a r y c o n s t a n t s . 
The c h a r a c t e r i s t i c impedance Z©, d e f i n e d a s the 
v o l t a g e t o c u r r e n t r a t i o a t any p o i n t a l o n g the l i n e , i s 
g i v e n by 
(4.5) 
T h i s impedance i s i n g e n e r a l complex but i t was found 
t h a t C 2 7 ] a t v e r y high f r e q u e n c i e s f o r a l o s s l e s s l i n e . 
6 2 
i t i s a pure r e s i s t a n c e g i v e n by 
(4.6) 
F o r a c o a x i a l l i n e , t h e c o r r e s p o n d i n g f o r m u l a f o r Zo can 
be developed by t he u s e of e q n s . ( 4 . 2 ) & ( 4 . 3 ) , l e a d i n g to 
Ur-
= 1 3 8 / - - — l o g ( b / a ) ^^•'7) 
e r-
where . 
Zr- = r e l a t i v e p e r m i t t i v i t y of t h e d i e l e c t r i c medium, 
j j ^ = r e l a t i v e p e r m e a b i l i t y of t h e d i e l e c t r i c medium. 
The c o a x a i a l l i n e performance may be a s s e s s e d by t he 
manner t h e s i g n a l i s a t t e n u a t e d and d e l a y e d d u r i n g 
t r a n s m i s s i o n . I t has been shown t h a t t h e l i n e c o n t a i n s 
impedance Z and a d m i t t a n c e Y d i s t r i b u t e d a l o n g i t s e n t i r e 
l e n g t h . The q u a n t i t y JlY d i c t a t e s how t h e v o l t a g e s and 
c u r r e n t s v a r y a l o n g t h e l i n e ; i t governs t h e way i n which 
t h e waves propagate. I t i s known a s the pr o p a g a t i o n 
c o n s t a n t "g" and i s g i v e n by C 2 7 ] 
6 3 
^ = [ZY = J(R + JwL) (G + jwC) = a + j/3 ( 4 . 8 ) 
The r e a l p a r t of the s o l u t i o n of t h e above e q u a t i o n , 
known a s t h e a t t e n u a t i o n f a c t o r or c o e f f i c i e n t 0^  , d e t e i — 
mines t h e way i n which t h e waves a r e a t t e n u a t e d a s they 
t r a v e l a l o n g t h e l i n e . The i m a g i n a r y p a r t ji i s known a s 
t h e phase s h i f t c o n s t a n t and i n d i c a t e s the d e l a y of t h e 
p r o p a g a t i n g waves. 
4.1=4 T r a n s m i s s i o n L i n e a s a Resonant C i r c u i t 
At s u f f i c i e n t l y h i g h f r e q u e n c i e s , a s h o r t s e c t i o n o f 
a t r a n s m i s s i o n l i n e w i t h c o m p l e t e l y r e f l e c t i n g t e r m i n a t -
i o n s a c t s a s an i n d u c t o r i f i t i s l e s s than q u a r t e r w a v e -
l e n g t h long., I t can be shown t h a t f o r a l i n e of f i x e d 
l e n g t h , s h o r t - c i r c u i t e d a t i t s t e r m i n a l the impedance i s 
g i v e n by C39D. 
Z s = j Z o tan/) I ( 4 . 9 ) 
i t a l s o shows how t h e s e n d i n g impedance Z s v a r i e s w i t h 
frequency= 
F o r a s h o r t - c i r c u i t e d l i n e of l e n g t h L meters, a t 
z e r o f r e q u e n c y t h e impedance i s z e r o , but a s the 
f r e q u e n c y i s r a i s e d i t behaves a s an i n c r e a s i n g i n d u c t i v e 
r e a c t a n c e . 
On t h e o t h e r hand, a s t h e f r e q u e n c y i s r a i s e d h i g h e r . 
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t h e t a n g e n t f u n c t i o n becomes n e g a t i v e , i n d i c a t i n g t h a t Zo 
i s c a p a c i t i v e and i t s r e a c t a n c e d e c r e a s e s . 
At t h e p o i n t where Z s p a s s e s from p l u s i n f i n i t y t o 
minus i n f i n i t y t h e l i n e behaves l i k e a p a r a l l e l r e s o n a n t 
c i r c u i t , i . e . , a n t i - r e s o n a n c e . When t h e f r e q u e n c y r e a c h e s 
t h e v a l u e where t h e a n g l e i s TT r a d i a n s , c o r r e s p o n d i n g to 
I = X/2, t h e v a l u e Z s becomes z e r o . At t h a t i n s t a n c e t h e 
l i n e behaves l i k e a s e r i e s r e s o n a n t c i r c u i t . J u s t beyond 
t h i s f r e q u e n c y Z a becomes a p o s i t i v e r e a c t a n c e and so on, 
a s shown i n F i g . 4 . 2 . The same f i g u r e can be made to 
ap p l y t o t h e o p e n - c i r c u i t e d c a s e by moving t h e l e n g t h 
s c a l e t o t h e r i g h t u n t i l i t s z e r o c o i n c i d e s with t h e 
f i r s t a n t i - r e s o n a n c e , a s i l l u s t r a t e d i n t h e F i g . 4 . 2 by a 
d o t t e d l i n e . 
The above t h e o r y can be a p p l i e d t o a c o a x i a l c a v i t y 
i n which c a s e t h e i n d u c t a n c e c r e a t e d by t h e l i n e l e n g t h 
of l e s s than X/4 can r e s o n a t e w i t h e i t h e r a lumped 
c a p a c i t a n c e or a c a p a c i t a n c e due t o t h e gap between the 
i n n e r c o n d u c t o r and t h e lower s h o r t c i r c u i t i n g w a l l . 
4.2 D e s i g n o f an E x p e r i m e n t a l C o a x i a l C a v i t y 
I n o r d e r t o have a c o a x i a l r e s o n a n t c a v i t y of high 
performance many p o i n t s must be tak e n i n t o a c c o u n t . To 
d e c r e a s e t h e l o s s e s of t h e e l e c t r o m a g n e t i c wave i n s i d e 
t h e c a v i t y t h e i n n e r s u r f a c e must be made a s smooth a s 
p o s s i b l e . A l s o t h e i n n e r and o u t e r conductor dimensions 
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have t o be chosen t o g i v e high q u a l i t y f a c t o r and low 
l o s s e s . A good s h o r t c i r c u i t between t h e i n n e r and o u t e r 
c o n d u c t o r s i s v e r y i m p o r t a n t a t one o r both ends of t h e 
c a v i t y . 
The l o a d e d q u a l i t y f a c t o r must be high and 
t r a n s m i s s i o n l o s s low t o p r o v i d e a s h a r p r e s o n a n c e a t 
t h e f r e q u e n c y of t h e s i g n a l t r a n s m i t t e d through the 
c a v i t y . T h i s may be a c h i e v e d by c a r e f u l t u n i n g of the 
micrometer a t t a c h e d t o t h e i n n e r conductor and f u r t h e r 
improved by l o o s e c o u p l i n g i f the unloaded q u a l i t y f a c t o r 
i s h i g h . 
The performance of the r e s o n a n c e c a v i t y may be 
improved by matching t o t h e e x t e r n a l c i r c u i t by means of 
a d j u s t a b l e s t u b s s c r e w s or a t t e n u a t o r s . I t i s a l s o impoi— 
t a n t t o keep t h e c a v i t y under c o n s t a n t e n v i r o n m e n t a l 
c o n d i t i o n s . 
The r a t i o b/a f o r optimum q u a l i t y f a c t o r of a c o a x i a l 
c a v i t y can be found a s f o l l o w s : t h e a . c r e s i s t a n c e R of 
t h e l i n e i s p r o p o r t i o n a l t o 
( 1 / d - 1/D) (4.10) 
where, 
d and D a r e t h e d i a m e t e r s o f t h e i n n e r and o u t e r 
c o n d u c t o r s , r e s p e c t i v e l y . 
The a t t e n u a t i o n c o e f f i c i e n t s : i s g i v e n by C 4 0 ] 
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R 
Oi = ( 4 . 11 ) 
2Zo 
Combining e q n s . ( 4 . 1 0 ) & (4.11) y i e l d s 
K ( l / d + 1/D) 
OC = (4_ 12) 
l o g ( D / d ) 
where K i s a c o n s t a n t of p r o p o r t i o n a l i t y . 
D i f f e r e n t i a t i n g e q n . ( 4 . 1 i ) w i t h r e s p e c t t o D/d and 
e q u a t i n g t o z e r o g i v e s an optimum v a l u e of Zo of 
a p p r o x i m a t e l y 77 ohms which c o r r e s p o n d s t o D/d = 3.592. 
T h e r e f o r e , f o r optimum q u a l i t y f a c t o r of a c o a x i a l 
c a v i t y , t h e r a t i o b/a s h o u l d be 3.6. 
I n d e s i g n i n g a c o a x i a l c a v i t y t h e r a t i o b/a chosen 
w i l l depend on c o n s i d e r a t i o n s o t h e r than a t t a i n i n g 
s l i g h t i n c r e a s e i n t h e q u a l i t y f a c t o r . Consequently, the 
r a t i o b/a was chosen t o be 3.2 i n o r d e r t o a v o i d any 
r e s o n a n t modes o t h e r than TEM. To compensate f o r any 
l o s s e s t h a t might e x i s t , t h e c a v i t y was s i l v e r p l a t e d 
w i t h a l a y e r 12 m i c r o n s t h i c k . 
To have a good e l e c t r i c a l s h o r t c i r c u i t , a r a d i a l 
choke was c r e a t e d w i t h a c l e a r a n c e of 0.1 mm a l l around 
t h e i n n e r c o n d u c t o r . T h i s produced a low impedance 
between t h e i n n e r and t h e o u t e r conductor and a s h o r t 
c i r c u i t a t a p a r t i c u l a r f r e q u e n c y . A t e f l o n r i n g was 
i n s e r t e d i n a groove of 1.5 mm wide and 1 mm away from 
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t h e s h o r t c i r c u i t t o a v o i d c o n t a c t between the i n n e r and 
t h e o u t e r c o n d u c t o r s . 
The c o u p l i n g l o o p s were made from a l e n g t h of R a d i a l 1 
RG401/U s e m i - r i g i d , P T F E - f i 1 l e d c a b l e . The i n n e r conductor 
of t h e c a b l e was connected to t h e o u t e r by forming a loop 
of 7 t o 8 mm i n l e n g t h and s o l d e r e d t o e n s u r e good 
e l e c t r i c a l c o n t a c t . The i n n e r and t h e o u t e r d i a m e t e r s of 
t h e s e m i - r i g i d c a b l e a r e 1.67 and 5.46 mm, r e s p e c t i v e l y , 
from which t h e c h a r a c t e r i s t i c impedance was c a l c u l a t e d t o 
be a p p r o x i m a t e l y 50 ohms. The o t h e r end of the s e m i - r i g i d 
c a b l e was c o n n e c t e d t o the i n n e r conductor of a 50 ohms 
N—type c o n n e c t o r . F i g . 4. 3 shows a c r o s s — s e c t i o n a l vieui 
and d i m e n s i o n s of t h e c a v i t y . 
I n summary, t o a c h i e v e a high performance, a s t a n d a r d 
c a v i t y d e s i g n s h o u l d p r o v i d e a broad t u n i n g range, a high 
l o a d e d q u a l i t y f a c t o r , low t r a n s m i s s i o n l o s s , s m a l l 
c o u p l i n g t o e x t e r n a l l o a d , a s i m p l e t u n i n g mechanism and 
freedom from t h e e f f e c t s of o t h e r modes and temperature. 
4.3 Q u a l i t y F a c t o r of a C o a x i a l C a v i t y 
4.3.1 E n e r g y S t o r a g e 
I n g e n e r a l , t h e e l e c t r o m a g n e t i c energy i n a c a v i t y a t 
r e s o n a n c e i s s t o r e d i n the e l e c t r i c and magnetic f i e l d s . 
The amount s t o r e d i n each f i e l d w i l l v a r y during the 
c y c l e , but t h e i r summation i s a l w a y s e q u a l t o the t o t a l 
e nergy c o n t e n t of t h e c a v i t y . I f the loaded q u a l i t y 
f a c t o r of t h e c a v i t y i s r e a s o n a b l y high, t h e r a t e of the 
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s t o r e d - t o - d i s s i p a t e d energy i s h i g h , and the a v e r a g e mag-
n e t i c f i e l d d e n s i t y i s equal to the a v e r a g e e l e c t r i c 
f i e l d d e n s i t y o v e r a c y c l e . 
At some i n s t a n t s i n the c y c l e t h e energy w i l l be 
e n t i r e l y i n t h e magnetic f i e l d , and a t o t h e r i n s t a n t s the 
energy w i l l be e n t i r e l y i n t he e l e c t r i c f i e l d . With t h i s 
knowledge we may c a l c u l a t e t h e t o t a l energy s t o r e d by 
f i n d i n g t h e peak magnetic or e l e c t r i c f i e l d energy. 
I n a c o a x i a l c a v i t y , the magnetic f i e l d i s c r e a t e d by 
t h e o s c i l l a t o r y c u r r e n t s f l o w i n g i n t h e c e n t r e conductor, 
and i f t h e s e c u r r e n t s can be c a l c u l a t e d , the energy 
s t o r e d may a l s o be found. 
I f we c o n s i d e r a r e s o n a n t c o a x i a l l i n e of l e n g t h ^ , 
t h e energy s t o r e d i n a segment i s 
E = (L.6 L ) 1/2 
where, 
L = i n d u c t a n c e per u n i t l e n g t h , 
I = c u r r e n t f l o w i n g i n the segment. 
T h e r e f o r e , t h e t o t a l energy s t o r e d i n a l e n g t h C i s 
1 f i 2TT 
E = Ll^ \ c o s ( . 1 ) d l 
2 M X 
1 X / 1 = L I ^ 6 + s i n 2 e 
4 2TT \ 2 
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where, 
A. = l i n e w a v e l e n g t h , 
6 = e l e c t r i c a l l e n g t h . 
But, 
Zo 
L = 
Afo 
T h e r e f o r e , 
1 Zo / 1 
E = 1= e + s i n 2 e 
4 2 T T f o ° \ 2 J 
Normally under r e s o n a n t c o n d i t i o n s 6 i s near nTT/2 
where n i s an i n t e g e r . Hence t h e t o t a l energy i n a 
c o a x i a l c a v i t y may be e x p r e s s e d a s 
E ^ (4. 13) 
, 8 f o 
where i ^ i s t h e r o o t mean s q u a r e v a l u e of I ^ • 
4=3.2 C o u p l i n g C o n s i d e r a t i o n s 
I t h a s been mentioned e a r l i e r i n c h a p t e r 2 t h a t , f o r 
c o a x i a l c a v i t i e s , power can be e x t r a c t e d v i a a c o u p l i n g 
loop, a c a p a c i t i v e probe or d i r e c t c o n n e c t i o n t o t he 
i n n e r c o n d u c t o r . The c o a x i a l c a v i t y may be loaded i n many 
ways, some of which a r e shown i n F i g . 4 . 4 . I n the 
c o n s t r u c t e d c o a x i a l c a v i t y , two c o u p l i n g l o o p s a r e used, 
one f o r t h e i n p u t s i g n a l and t h e o t h e r f o r t h e output 
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s i g n a l . The c o u p l i n g l o o p s were p o s i t i o n e d near the s h o r t 
c i r c u i t b e c a u s e t h e magnetic c o u p l i n g i s most e f f e c t i v e 
i n t h a t r e g i o n . The i n p u t and t h e output loops were 
s e p a r a t e d a s f a r a s p o s s i b l e s o t h a t d i r e c t magnetic 
c o u p l i n g i s n e g l i g i b l e . A p e r f e c t match a t r e s o n a n t 
f r e q u e n c y may a l w a y s be o b t a i n e d i f the i n p u t and output 
l o o p s have t h e same s i z e and shape and a r e l o c a t e d a t 
p o i n t s of e q u a l i n t e n s i t y . 
I n p r a c t i c e , a c e r t a i n amount of e l e c t r i c c o u p l i n g 
w i l l be combined w i t h t h e magnetic c o u p l i n g of the loop. 
T h i s i s due t o t h e f a c t t h a t t h e loops p r o j e c t i n t o t h e 
c a v i t y and some e l e c t r i c f i e l d l i n e s w i l l t e r m i n a t e a t 
t h e l o o p . I f t h e l o o p i s l a r g e , t h e amount of e l e c t r i c 
c o u p l i n g may be q u i t e a p p r e c i a b l e . I f t h e loop i s s m a l l , 
however, and i s l o c a t e d a t t h e s h o r t - c i r c u i t p o i n t i n t h e 
c a v i t y , t h e r e w i l l be n e g l i g i b l e e l e c t r i c f i e l d near t h e 
l o o p and hence n e g l i g i b l e e l e c t r i c c o u p l i n g . 
From t h e d e f i n i t i o n of q u a l i t y f a c t o r of a r e s o n a n t 
c a v i t y and e q n . ( 4 . 1 3 ) g i v e n i n t h e p r e v i o u s s e c t i o n , t h e 
q u a l i t y f a c t o r can be w r i t t e n a s 
2 T T f o i ^ Z o .n / 8 f o 
Q = (4. 14) 
a v e r a g e power d i s s i p a t e d 
S i n c e t h e l o a d i n g may be assumed t o be anywhere i n 
t h e c a v i t y , i t w i l l be c o n v e n i e n t t o assume i t to be 
c o n c e n t r a t e d a t t h e s h o r t - c i r c u i t e d end and t o c o n s i s t of 
n 
a r e s i s t a n c e R c d o a d r e s i s t a n c e ) , o f f e r e d to the c u r r e n t 
i . Hence, eqn.<4.14) now becomes 
T T Z o n 
Q = (4.15) 
4R. 
which i s a u s e f u l r e l a t i o n s h i p between the Q - f a c t o r and 
t h e l o a d r e s i s t a n c e . T h i s f o r m u l a assumes the unloaded Qu 
t o be i n f i n i t e and was o b t a i n e d from t h e f o l l o w i n g e x a c t 
e q u a t i o n C 4 1 ] i . e . 
( T T Z o n / 4 R L ) Q U Q = (4. 16) 
( T T Z o n / 4Rt.) + Qu 
A number of v a l u a b l e c o n c l u s i o n s may be deduced from 
t h i s e q u a t i o n , i . e . 
( i ) t h e l o a d e d Q i s p r o p o r t i o n a l t o the number of 
q u a r t e r wavelength i n t h e c a v i t y , 
( i i ) t h e l o a d e d Q i s p r o p o r t i o n a l t o the c h a r a c t e r i s t i c 
impedance of the c a v i t y , and 
( i i i ) t h e l o a d e d Q i s i n v e r s e l y p r o p o r t i o n a l to the 
e q u i v a l e n t l o a d r e s i s t a n c e . 
A l l t h e s e p a r a m e t e r s may be used, t h e r e f o r e , i n 
o b t a i n i n g t h e d e s i r e d Q and, hence, t h e d e s i r e d bandwidth. 
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^.4 A n a l y s i s of a C o a x i a l C a v i t y 
The c o a x i a l c a v i t y i s d e f i n e d h e r e a s a l e n g t h of 
s h o r t c i r c u i t e d t r a n s m i s s i o n l i n e t e r m i n a t e d w i t h a 
c a p a c i t i v e r e a c t a n c e formed by t h e gap between the i n n e r 
c o n d u c t o r and t h e end p l a t e s h o r t c i r c u i t . The t r a n s -
m i s s i o n l i n e i s of l e n g t h J u s t l e s s than a q u a r t e r 
w a v e l e n g t h s o t h a t i t s in p u t impedance i s an i n d u c t i v e 
r e a c t a n c e ^ The f r e q u e n c y of r e s o n a n c e i s g i v e n by 
no 
f o = 3x10 T\ / hL 
where n i s t h e number of q u a r t e r w a v e l e n g t h s a l o n g the 
l i n e a t t h e r e s o n a n t frequency f o s and L i s the l e n g t h i n 
c e n t i m e t r e s . 
To s i m p l i f y t h e a n a l y s i s we assumed t h e t r a n s m i s s i o n 
l i n e t o be l o s s l e s s . The p a r a m e t e r s of importance a r e t h e 
l e n g t h o f t h e c a v i t y , t h e p o s i t i o n o f t h e probe, t h e 
v a l u e of t h e c a p a c i t a n c e and t h e c h a r a c t e r i s t i c impedance 
( s e e F i g = 4 . 5 ) . 
The i n p u t impedance Z m of a t r a n s m i s s i o n l i n e 
t e r m i n a t e d i n an impedance Z R ohms i s g i v e n by C391 
Z R + jZotan/Jt 
Z I n = Zo 
Zo + jZpitanpt 
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where p i s t h e phase change c o n s t a n t i n r a d i a n s per meter 
o f t h e t r a n s m i s s i o n l i n e which has z e r o a t t e n u a t i o n per 
u n i t l e n g t h a s i t was assumed. 
When t h e t r a n s m i s s i o n l i n e i s t e r m i n a t e d i n a s h o r t 
c i r c u i t t h e impedance i s r e a c t i v e and i s g i v e n by 
Z.^c = j Z o t a n j l t 
The e l e c t r i c a l l e n g t h of t h e c a v i t y measured i n r a d i a n s 
of phase change i s g i v e n by 
d = ^^ 
and ji can be w r i t t e n i n terms of t h e i n d u c t a n c e and 
c a p a c i t a c e per u n i t l e n g t h of t h e l i n e , L and C a s 
/3 = 2 T T f o j r c " 
or f o r an a i r d i e l e c t r i c l i n e a s 
fi = 2 T T f o / c 
where c i s t h e v e l o c i t y o f l i g h t i n f r e e s p a c e . 
I f t h e f r e q u e n c y a t which t h e c a v i t y i s a q u a r t e r 
w a v e l e n g t h long w i l l be c a l l e d f then 
c / fc->,. = X = 4 t 
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or i = C / 4fc:-x. 
T h e r e f o r e , 
Q = JiL = ( 2 T T f o / c ) ( c / 4=.^.) = (TT/ 2 ) ( f o / f ) 
At r e s o n a n c e the c a p a c i t i v e r e a c t a n c e s h o u l d be equal 
t o t h e i n d u c t i v e r e a c t a n c e , i . e . , 
or 
1 / 2TTfoC = Z o t a n ( T T / 2 ) ( f o / fc=-^.) 
which l e a d s t o 
1 
C = 
2TTfoZotan<TT/2)<fo / f=-v.) 
The above mentioned a n a l y s i s i s t h e i d e a l c a s e o f a 
c o a x i a l c a v i t y , but i t was s u g g e s t e d by the Radio 
R e s e a r c h Lab. s t a f f [ 4 1 1 t h a t , some of i n d u c t i v e and 
c a p a c i t i v e r e a c t a n c e s may e x i s t due t o t h e i m p e r f e c t i o n s 
i n s i d e t h e c a v i t y . 
4.5 D e v i a t i o n s from T h e o r e t i c a l Model 
4.5.1 Spuri'ous Responses 
I t was p o i n t e d out i n t h e p r e v i o u s c h a p t e r s t h a t a 
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q u a r t e i — w a v e r e s o n a n t c a v i t y w i l l have high e r r e s o n a n c e s 
a t odd m u l t i p l e s of t h e fundamental f r e q u e n c y . B e s i d e s 
t h e s e u s u a l r e s p o n s e s , a c o a x i a l c a v i t y can a l s o have 
waveguide-mode r e s o n a n c e s which can c a u s e s p u r i o u s t u n i n g 
r e s p o n s e s . 
I f t h e t r a n s v e r s e d i m e n s i o n s of t he c o a x i a l c a v i t y 
a r e comparable t o t he wa v e l e n g t h , r e s o n a n t modes o t h e r 
than TEM-type may e x i s t i n t h e c a v i t y . The c u t o f f f r e q -
uency of t h e l o w e s t p o s s i b l e waveguide mode o c c u r s v e r y 
n e a r l y a t t h e f r e q u e n c y a t which t h e average c i r c u m f e i — 
e n c e i n t h e c o a x i a l c a v i t y i s e q u a l to the f r e e s p a c e 
w a v e l e n g t h , i . e . , a t which t h e f r e e s p a c e wavelength i n 
c e n t i m e t e r s i s e q u a l t o T T ( a + b ) , where "a" and °b" a r e 
t h e r a d i i of t h e i n n e r and t h e o u t e r c o n d u c t o r s i n 
c e n t i m e t r e s , r e s p e c t i v e l y . S p u r i o u s r e s p o n s e s of t h e s e 
h i g h e r o r d e r t r a n s m i s s i o n modes w i l l t h e r e f o r e not o c c u r 
below t h i s f r e q u e n c y , and i t i s impo r t a n t to a v o i d them. 
4.5.2 F r i n g i n g F i e l d E f f e c t 
Uhen a m a t e r i a l sample, whose p e r m i t t i v i t y i s to be 
determin e d , i s i n s e r t e d i n a c o a x i a l c a v i t y not o n l y the 
c a p a c i t a n c e ( C o ) , due t o a i r gap o c c u p i e d by t h e sample 
i s c o n s i d e r e d , but t h e c a p a c i t a n c e ( C p - ) due t o f r i n g i n g 
f i e l d s h o u l d a l s o be t a k e n i n t o a c c o u n t . T h i s i s because 
a s t h e f i e l d s e x t e n d s l i g h t l y beyond t h e end of t h e i n n e r 
c o n d u c t o r , f r i n g i n g c a p a c i t i v e r e a c t a n c e s w i l l e x i s t and 
c o n s e q u e n t l y a f f e c t t h e measurements. 
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T h e o r e t i c a l a n a l y s i s of the e f f e c t of the f r i n g i n g 
f i e l d i n p e r m i t t i v i t y measurements u s i n g the lumped 
c a p a c i t a n c e was s t u d i e d by I s k a n d e r & S t u c h l y [ 4 2 1 . I t 
i n c l u d e d both t h e s h u n t and s e r i e s c a p a c i t o r methods. I n 
both c a s e s i t was shown t h a t the measured v a l u e s of C a r e 
l a r g e r than t h e t r u e v a l u e s by a f a c t o r C i r / C o , w h i l e the 
measured v a l u e s of t h e i m a g i n a r y p a r t , c"^  , a r e not 
a f f e c t e d by t h e f r i n g i n g f i e l d . 
The e f f e c t of a d d i t i o n a l i n d u c t a n c e and c a p a c i t a n c e 
o c c u r r i n g between t h e t i p of the i n n e r conductor and the 
a d j a c e n t c a v i t y w a l l ( F i g . 4 . 6 ) , s h o u l d a l s o be c o n s i d e r e d 
i f a more a c c u r a t e e l e c t r i c a l c i r c u i t of t he c a v i t y i s t o 
be e s t a b l i s h e d . 
4.6 C a v i t y P erformance 
On c o m p l e t i o n of t h e d e s i g n and c o n s t r u c t i o n , v a r i o u s 
t e s t s were c a r r i e d out to e s t a b l i s h the q u a l i t y of the 
c a v i t y p erformance. 
F r e q u e n c y r a n g e , was t h e f i r s t q u a l i t y t o be measured. 
The f r e q u e n c y of the sweeper was a c c u r a t e l y s e t to the 
d e s i r e d v a l u e by c a l i b r a t i n g i t a g a i n s t the spectrum 
a n a l y z e r . The i n p u t and t h e output of t h e c o a x i a l c a v i t y 
were the n c o n n e c t e d t o t h e sweeper and the spectrum 
a n a l y z e r r e s p e c t i v e l y , v i a a 3dB a t t e n u a t o r on e i t h e r 
s i d e s o t h a t any p o s s i b l e mismatches were e l i m i n a t e d . 
Then by t u n i n g t h e c a v i t y t o d i f f e r e n t f r e q u e n c i e s , i t 
was found t h a t i t o p e r a t e d i n t h e frequency range 
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between 2.5GHz to 11.5 GHz which may be c o n s i d e r e d a s a 
broad band a p p l i c a t i o n . F i g . 4 . 7 shows the v a r i a t i o n s of 
t h e a t t a c h e d micrometer s e t t i n g w i t h f r e q u e n c y . 
Another parameter measured was the c a p a c i t i v e gap 
between t h e end p l a t e s h o r t c i r c u i t and the i n n e r 
c o n d u c t o r which i n f l u e n c e s the v a l u e of the c a p a c i t a n c e 
i n t h e c a v i t y . F o r comparison, t h e o r e t i c a l v a l u e s of the 
c a p a c i t i v e gap were o b t a i n e d from eqn. (2.11) a s shown i n 
F i g . 4 = 8 . The d i s c r e p a n c i e s o b s e r v e d i n the measured and 
c a l c u l a t e d v a l u e s a r e s u g g e s t e d to be c a u s e d by e i t h e r 
o r both the r e a s o n s mentioned e a r l i e r , i . e . the f r i n g i n g 
f i e l d e f f e c t and t h e a d d i t i o n a l c a p a c i t i v e and i n d u c t i v e 
r e a c t a n c e s c r e a t e d i n s i d e t h e c a v i t y . 
Another i m p o r t a n t parameter measured was the q u a l i t y 
f a c t o r o f t h e c a v i t y . The t e c h n i q u e employed t h e us e of 
a s p e c t r u m a n a l y z e r and a sweep g e n e r a t o r . The d e t a i l s 
o f t h i s method w i l l be d i s c u s s e d l a t e r i n c h a p t e r 6 . 
The h i g h e s t q u a l i t y f a c t o r a t t a i n e d was 1885 a t 4.25 GHz 
and t h e l o w e s t was 300 a t ll=5GHz. I t i s c l e a r from F i g . 
4.9 t h a t , t h e n e a r e r the i n n e r conductor g e t s to the 
c o u p l i n g a p e r t u r e s the lower the q u a l i t y f a c t o r becomes. 
The v a l u e s of t h e unloaded q u a l i t y f a c t o r were o b t a i n e d 
from e q n . ( 2 . 1 2 ) and a r e p r e s e n t e d on t h e same F i g . 4 . 9 . 
The d i s c r e p a n c i e s i n the r e s p e c t i v e p l o t s may be 
e x p l a i n e d a s b e ing due t o the n o n i d e a l n a t u r e of the 
c a v i t y , t h e l o s s e s due t o c o u p l i n g s , and moreover, due t o 
t h e f a c t t h a t t h e c a v i t y w a l l s were assumed t o be p e r f e c t 
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c o n d u c t i n g s u r f a c e s when t h e q u a l i t y f a c t o r s were 
c a l c u l a t e d ( e q n . 2 , 1 2 ) . I t was a l s o found t h a t d i e l e c t r i c 
measurements c o u l d o n l y be c a r r i e d out a c c u r a t e l y i n the 
f r e q u e n c y r a n g e between 3 GHz and 8 GHz. 
The l e n g t h of the i n n e r c o n d u c t o r , which tuned w i t h 
t h e c a p a c i t i v e r e a c t a n c e formed by t h e gap between i t s e l f 
and t h e bottom w a l l of the c o a x i a l c a v i t y was a l s o 
measured a t d i f f e r e n t f r e q u e n c i e s . F o r an i d e a l c a s e the 
t r a n s m i s s i o n l i n e s h o u l d be of l e n g t h j u s t l e s s than a 
q u a r t e r w a v e l e n g t h w i t h an e l e c t r i c a l l e n g t h of TT/2 i n 
t h e c o n s t r u c t e d c o a x i a l c a v i t y . The l e n g t h was found to 
be l e s s than a q u a r t e r wavelength which meant i t s i n p u t 
impedance was s t i l l an i n d u c t i v e r e a c t a n c e which can 
r e s o n a t e w i t h t h e c a p a c i t i v e r e a c t a n c e p r e s e n t i n the 
c a v i t y . The c o r r e s p o n d i n g e l e c t r i c a l l e n g t h of 52 (min.) 
and 71 (max.) were found a t 3 GHz and 5 GHz r e s p e c t i v e l y , 
i n d i c a t i n g t h a t t h e c o u p l i n g performance i s f r e q u e n c y 
dependent. The above d e t a i l s a r e shown i n F i g . 4 . 1 0 . 
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CHAPTER 5 
DIELECTRIC MATERIALS FOR VLSI^ SUBSTRATES 
5=1 In t r o d u c t i o n 
The need for c a r e f u l s e l e c t i o n and evaluation of 
s u b s t r a t e m a t e r i a l s for m u l t i p l e - l i n e , m i c r o s t r i p packa-
ging should be apparent under any circumstances. An 
e l e c t r i c a l operation within the claimed s p e c i f i c a t i o n 
and hence higher y i e l d s in quantity production could be 
the main b e n e f i t . In order to achieve such aims i t i s 
necessary to become aware of the d i f f i c u l t i e s that may 
be encountered before the assembly of the f i n a l package. 
In c a r r y i n g out p r e c i s i o n measurements of the material 
p r o p e r t i e s beforehand may expose p o s s i b l e problems in 
processes which a t an e a r l y stage can s t i l l be modified 
or c o r r e c t e d . 
Many reasons may be r e s p o n s i b l e for the inadequacy 
or e x c e l l e n c e of a completed package performance and the 
c h a r a c t e r i s t i c s of the s u b s t r a t e used w i l l c e r t a i n l y 
make an important c o n t r i b u t i o n . The properties of 
s u b s t r a t e s that may be of i n t e r e s t to VLSI package 
designers can be grouped under three general headingss-
( i ) e l e c t r i c a l mainly d i e l e c t r i c 
( i i ) thermal 
and ( i i i ) mechanical 
<^CVLSI 1 
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E l e c t r i c a l or s p e c i f i c a l l y d i e l e c t r i c p roperties i s 
the s u b j e c t of t h i s chapter and the importance of 
s u b s t r a t e f a b r i c a t i o n and the f a c t o r s that might control 
i t s p r o p e r t i e s a r e examined and discussed in para. 5.7. 
Changes in the s u b s t r a t e d i e l e c t r i c p r o p e r t i e s w i l l , 
i n turn, have an e f f e c t on the l i n e secondary constants, 
i . e c h a r a c t e r i s t i c impedance, Zo, and propagation 
constant, 'g' . These l i n e parameters d i r e c t l y a f f e c t 
transmission of s i g n a l s to and from the l i n e e s p e c i a l l y , 
attenuation, 06 , and phase s h i f t , /3 , the r e a l and imagi-
nary p a r t s of the propagation constant, r e s p e c t i v e l y . 
5.2 E l e c t r i c a l P r o p e r t i e s 
5.2=1 Fundamental D i e l e c t r i c Parameters and D e f i n i t i o n s 
The e l e c t r i c a l p r o p e r t i e s of i n s u l a t i n g and semicon-
duting m a t e r i a l s are p r i m a r i l y determined by the 
d i e l e c t r i c constant or p e r m i t t i v i t y and the d i e l e c t r i c 
l o s s combined i n t o a s i n g l e complex expression 
The former, the d i e l e c t r i c constant, EV, represents 
a change in the v e l o c i t y of s i g n a l transmission due to 
the medium g i v i n g the v e l o c i t y in the s u b s t r a t e as 
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where c i s the v e l o c i t y of s i g n a l in a i r or vacuum and 
i s the r e l a t i v e d i e l e c t r i c constant. T h i s in turn i s 
used to determine the e f f e c t i v e r e l a t i v e d i e l e c t r i c 
constant sometimes c a l l e d p e r m i t t i v i t y eV», a p p l i c a b l e 
in the case of semi-TEM l i n e s such as m i c r o s t r i p , and 
hence the c h a r a c t e r i s t i c impedance and transmission 
p r o p e r t i e s of the l i n e . The l a t t e r , the d i e l e c t r i c l o s s 
parameter eV represents the energy l o s s and i s a funct-
ion of c o n d u c t i v i t y or r e s i s t i v i t y of the m a t e r i a l . The 
r a t i o of energy d i s s i p a t e d to energy stored termed "the 
tangent of the l o s s angle" or simply " l o s s tangent" of 
the m a t e r i a l i s expressed as 
tan6 = ---
I t i s a l s o known as the d i s s i p a t i o n f a c t o r . 
5.2.2 Propagation P r o p e r t i e s 
The complex propagation constant for s i g n a l s t r a n s -
mission through a homogeneous medium comprises C<- the 
attenuation and (3 the phase s h i f t c o e f f i c i e n t s , and i s 
u s u a l l y expressed as 
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7f = a + j p 
where 
tX i s i n nepers (or dB) per u n i t length and y3 i s in 
ra d i a n s per u n i t length. 
The propagation constant depends on the d i e l e c t r i c 
p r o p e r t i e s of the medium, the p e r m i t t i v i t y , ^ , d i e l e c t -
r i c l o s s , E* , and hence the phase v e l o c i t y at a p a r t i -
c u l a r frequency. 
The connection between the propagation constant and 
the complex r e l a t i v e p e r m i t t i v i t y may be derived from 
the fundamental r e l a t i o n s h i p for a homogeneous 
d i e l e c t r i c space, i . e . 
2TT 
^ = J f 
c 
r e s u l t i n g in equations for Oi and p in terms of 
p e r m i t t i v i t y and d i e l e c t r i c l o s s C433, i . e . 
oL 
ft 
2TT 
X 
1 + / (5. 1 ) 
A l t e r n a t i v e l y , and may be expressed as function 
of 0^  and ji i . e . 
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Above equations w i l l assume modified v e r s i o n s i f we 
consider, for example, a rectangular d i e l e c t r i c - f i l l e d 
waveguide or a m i c r o s t r i p transmission l i n e e t c . . 
The f i r s t s e t of equations w i l l normally be used to 
p r e d i c t the e f f e c t of p e r m i t t i v i t y and d i e l e c t r i c l o s s 
( & £* ) on the s i g n a l in transmission. The second s e t 
of equations,on the other hand, may be used to determine 
d i e l e c t r i c p r o p e r t i e s of a s u b s t r a t e from the attenuat-
ion and phase s h i f t or phase v e l o c i t y measurements. 
5.3 Molecular P r o p e r t i e s of D i e l e c t r i c s 
The p o l a r i z a t i o n mechanisms which can take place in 
m a t e r i a l s a r e r e l a t e d to the d e f i n i t i o n of complex 
d i e l e c t r i c constant and i t s r e s u l t i n g e l e c t r i c a l 
p r o p e r t i e s . 
There are no f r e e charges in an i d e a l d i e l e c t r i c 
m a t e r i a l . The atoms of a d i e l e c t r i c are normally 
a f f e c t e d by the a p p l i e d e l e c t r i c f i e l d . The r e s u l t of 
t h i s f i e l d i s a f o r c e which i s exerted on each charged 
p a r t i c l e . Therefore, the p a r t i c l e s with p o s i t i v e 
93 
e l e c t r i c charge are being a t t r a c t e d i n the d i r e c t i o n of 
the f i e l d , and those with negative charge i n the 
opposite d i r e c t i o n . As a r e s u l t , the p o s i t i v e and 
negative charged loY)S - of each atoms are disp l a c e d 
from t h e i r e q u i l i b r i u m p o s i t i o n s i n opposite d i r e c t i o n s . 
T h i s condition of a d i e l e c t r i c i s c a l l e d p o l a r i z a -
t i o n which depends on the t o t a l e l e c t r i c f i e l d in the 
m a t e r i a l . I t i s a l s o defined as e l e c t r i c dipole moment 
per u n i t volume . 
The degree of p o l a r i z a t i o n depends on the e l e c t r i c 
f i e l d and the pr o p e r t i e s of atoms which make the 
m a t e r i a l . There are four mechanisms of p o l a r i z a t i o n C443 
( i ) E l e c t r o n i c P o l a r i z a t i o n , 
( i i ) I o n i c P o l a r i z a t i o n , 
( i i i ) Dipole P o l a r i z a t i o n , 
and ( i v ) Space-charge P o l a r i z a t i o n . 
In the f i r s t mechanism , the e l e c t r o n s are s l i g h t l y 
d i s p l a c e d r e l a t i v e to the nucleus as a r e s u l t of 
applying an e x t e r n a l e l e c t r i c f i e l d to the d i e l e c t r i c . 
T h i s c r e a t e s an e l e c t r i c d i pole moment causing an 
e l e c t r o n i c p o l a r i z a t i o n to occur i n the system . Th i s 
i s shown i n F i g . 5 . 1 ( a ) . 
In the second mechanism , i o n i c p o l a r i z a t i o n , the 
p o s i t i v e and negative ions i n a p a r t i a l l y i o n i c s o l i d 
a r e d i s p l a c e d from t h e i r e q u i l i b r i u m p o s i t i o n s when an 
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e x t e r n a l e l e c t r i c f i e l d i s applied . This i s shown in 
F i g . 5 . 2 ( b ) . 
In the t h i r d mechanism, dipole o r i e n t a t i o n , atoms 
with d i s p l a c e d p o s i t i v e and negative charges of the 
dipole, tend to o r i e n t a t e themselves in a d i r e c t i o n 
opposite to that of the applied e l e c t r i c f i e l d . T his 
i s shown i n 5 . 1 ( c ) . 
The l a s t mechanism, space-charge p o l a r i z a t i o n , gene-
r a l l y only occurs in s o l i d s , multiphase d i e l e c t r i c s in 
which the v a r i o u s phases or components have d i f f e r e n t 
d i e l e c t r i c constants, (see F i g . 5 . 1 ( d ) ) . 
I t i s known that the d i r e c t i o n of the e l e c t r i c f i e l d 
i s from p o s i t i v e to negative charges but the o r i e n t a t i o n 
of d i p o l e s i n the d i e l e c t r i c s i s in opposition to the 
d i r e c t i o n of the e l e c t r i c f i e l d . T h i s condition r e s u l t s 
in the reduction of the e l e c t r i c component with the 
a p p l i e d f i e l d . 
Each type of p o l a r i z a t i o n i s c h a r a c t e r i z e d by a 
r e l a x a t i o n time T i which represents the time taken for 
the p o l a r i z a t i o n to respond to the removal of the 
a p p l i e d e l e c t r i c f i e l d . 
5.4 Frequency and Temperature Dependence of and g"'' 
The d i e l e c t r i c response of a s o l i d medium r e f l e c t s 
the v a r i o u s p o l a r i z i n g c o n t r i b u t i o n s present - permanent 
and induced dipo l e s , e l e c t r o n s and ions, each of which 
i s c h a r a c t e r i z e d by the s p e c i f i c dependence of i t s 
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-0* 
^ ^ ^ ^ ^ 
•e-
(d) S p a c e -
charge 
polarisation 
FIG 5.1: Schematic Representation of the Different 
Types of Polarisation Mechanisms 
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complex d i e l e c t r i c p e r m i t i v i t y , on the temperature, and 
on the frequency. 
When an e l e c t r i c f i e l d of frequency,f, i s applied to 
the d i e l e c t r i c , each type of p o l a r i z a t i o n can only make 
i t s f u l l c o ntribution to the t o t a l p o l a r i z a t i o n as long 
as the period of o s c i l l a t i o n , T , of the f i e l d i s much 
greater than the r e l a x a t i o n time, T The time required 
for e l e c t r o n i c or i o n i c p o l a r i z a t i o n to be e s t a b l i s h e d i s 
very small compared with the period of the applied f i e l d . 
For t h i s case, there i s no reason to expect that any 
frequency dependence should appear in such d i e l e c t r i c s . 
In the case of the dipole p o l a r i z a t i o n mechanism, 
the value of of the d i e l e c t r i c begins to drop when the 
frequency begins to i n c r e a s e because the r e l a x a t i o n time 
of the dipole o r i e n t a t i o n i s comparable to the period of 
o s c i 1 l a t i o n . 
In general, as the frequency i s increased i t i s r e a -
sonable to expect that the t o t a l p o l a r i z a t i o n w i l l 
decrease and hence w i l l decrease . Some of the energy 
w i l l be l o s t in the d i e l e c t r i c as a r e s u l t of the random 
thermal motion that e x i s t in any substance and therefore 
as decreases, E''' i n c r e a s e s . 
In p r a c t i c e , both £^  and E* "^ ay vary with frequency 
and t h i s w i l l depend on the type of the d i e l e c t r i c pola-
r i z a t i o n involved. 
The responses of the i n d i v i d u a l p o l a r i z i n g contribu-
t i o n s are undoubtedly dominated by many-body i n t e r a c t -
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ions, r e s u l t i n g in a c h a r a c t e r i s t i c " u n i v e r s a l " form 
C45 3 of frequency dependence of d i e l e c t r i c constant and 
l o s s , i . e . 
< n—1 > 
( E' - 4 ) C<«D 
(5.2) 
< o—» > 
an d £' oC w 
where 
i s the high frequency value of t and the exponent n, 
l i e s in the range D<n<l . 
The nature of the dependence of d i e l e c t r i c p r o p e r t i e s 
on temperature may be determined by a number of f a c t o r s . 
In most cases when the temperature i n c r e a s e s , the i o n i c 
process of p o l a r i z a t i o n i n c r e a s e s and hence £^  w i l l 
i n c r e a s e . In c o n t r a s t , the i n c r e a s e of temperature does 
not a f f e c t the e l e c t r o n i c p o l a r i z a t i o n because the temp-
e r a t u r e a f f e c t s the n u c l e i and e l e c t r o n s by the same 
degree. But s i n c e thermal energy i n c r e a s e s the r a t e of 
v i b r a t i o n of atoms, the dipole or o r i e n t a t i o n p o l a r i z a -
ion does vary with temperature. In p r a c t i c e , both E^  and 
may i n c r e a s e with temperature. 
5.5 D i e l e c t r i c Breakdown 
The f a i l u r e of d i e l e c t r i c s under s u f f i c i e n t l y high 
e l e c t r i c f i e l d i s r e f e r r e d to a s "breakdown". The 
"breakdown" f i e l d depends, on the nature and composition 
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of the sample, i t s shape, i t s environment , and on the 
method by which the e x t e r n a l f i e l d i s applied (d.c, a.c, 
square pulse , e t c ... ) . 
Two b a s i c mechanisms of "breakdown" can be d i s t i n g -
uished. The f i r s t of these i s termed as " i n t r i n s i c 
breakdown". In t h i s case as the applied voltage i s 
i n c r e a s e d from zero, a small current w i l l begin to flow 
reaching q u i c k l y a s a t u r a t i o n value. As the voltage 
continues to r i s e , t h i s current remains constant u n t i l a 
c e r t a i n c r i t i c a l voltage, Vb, i s a t t a i n e d . At t h i s point 
the current suddenly r i s e s r a p i d l y r e s u l t i n g in 
d i e l e c t r i c breakdown. 
The second mechanism i s known "thermal breakdown" . 
T h i s occurs whenever the Joule heating in the sample 
cannot be e x t r a c t e d f a s t enough r e s u l t i n g in a permanent 
damage to the sample because of temperature r i s e . 
5.6 Survey of Substrate M a t e r i a l s 
M a t e r i a l s may be grouped according to the predomi-
nant component present in t h e i r composition. In p r a c t i c e , 
p u r i t y i s not normally maintained, as additions are 
d e l i b e r a t e l y introduced to improve p a r t i c u l a r p r o p e r t i e s 
or make the m a t e r i a l l e s s s e n s i t i v e to f a b r i c a t i o n 
processes or environmental conditions. However, in 
general, for s u b s t r a t e a p p l i c a t i o n s , we can d i s t i n g u i s h 
three f a m i l i e s of m a t e r i a l s under the names, polymers, 
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ceramics, and g l a s s e s . 
H i s t o r i c a l l y , polymers as s u b s t r a t e s were f i r s t on 
the scene, when low p e r m i t t i v i t y p l a s t i c s were employed 
in e a r l y m i c r o s t r i p assemblies and experiments of the 
1950's. These were not very s u c c e s s f u l and were 
e v e n t u a l l y replaced by PTFE ( T e f l o n ) / g l a s s laminates i n 
the 1960's. Further developments and compounding with 
c l o t h , m i c r o f i b r e , g l a s s and c e r a m i c - f i l l e d d i s p l a c e d 
predominantly polystyrene products i n many a p p l i c a t i o n s , 
with t h e i r problems of cracking and softening due to 
temperature. Many of t e f l o n based m a t e r i a l s are s t i l l 
used today o f f e r i n g a wide range of s u b s t r a t e s and 
laminates with low d i e l e c t r i c constants and acceptable 
d i s s i p a t i o n f a c t o r s . Higher values of d i e l e c t r i c 
c o n stants between 6 and 10, are a l s o a v a i l a b l e with 
c e r a m i c - f i l l e d PTFE/Glass composites. 
C h a r a c t e r i s t i c p r o p e r t i e s of s t a b i l i t y and hardness 
found in the majority of ceramics makes them very 
popular s u b s t r a t e m a t e r i a l s . The ceramic group includes 
a l a r g e number of compounds of m e t a l l i c and nonmetallic 
elements a v a i l a b l e in nature. Majority of them are based 
on s i l i c a t e s t r u c t u r e s ( s i m i l a r to those found i n c l a y , 
cement, f i r e d earthenware and china) r e s u l t i n g from 
r e a c t i o n s of s i l i c a (or s i l i c o n oxide, SiO^.) with oxides 
of v a r i o u s elements. The most widely used n o n s i l i c a t e 
m a t e r i a l , in pure form or with other oxides, for 
production of ceramics i s alumina (corundum) or 
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aluminium oxides (AlaOa). S t r u c t u r e s containing various 
percentages of alumina and other oxides are known as 
m u l l i t e or s p i n e l s and are used where h e a t - r e s i s t a n t or 
r e f r a c t o r y m a t e r i a l s are needed. N i t r i d e s , such as boron 
n i t r i d e (EN) and s i l i c o n n i t r i d e (SisN^) of high density 
which a r e i n e r t and o x i d a t i o n — r e s i s t a n t up to high 
o 
temperature (^1300 C) are a l s o used for new composite 
ceramics. 
Ceramic s u b s t r a t e s may be categorised according to 
the a v a i l a b i l i t y or abundance of the m a t e r i a l s for t h e i r 
f a b r i c a t i o n , c o s t s and hazards involved in manufacturing 
processes, r e p r o d u c i b i l i t y and a p p l i c a t i o n s . 
The reason for incl u d i n g g l a s s e s in the survey of 
p o s s i b l e s u b s t r a t e s were to emphasize some of the more 
unusual c h a r a c t e r i s t i c s i n comparison to ceramics and 
polymers, t h e i r usage i n the reinforcement of other 
m a t e r i a l s and enhancement of p a r t i c u l a r properties. 
G l a s s e s a r e b a s i c a l l y supercooled l i q u i d s and most of 
them, known as s i l i c a t e g l a s s e s a r e composed of s i l i c o n 
oxide O50X) and other oxides added to obtain a wide 
range of d i f f e r e n t p r o p e r t i e s . I f cooled over a long 
period of time and he a t — t r e a t e d they are transformed by 
r e c r y s t a l 1 i s a t i o n i n t o what i s known as d e v i t r i f i e d 
g l a s s ceramic with i t s low c o e f f i c i e n t of thermal 
expansion and absence of poro s i t y . Although, usual 
a p p l i c a t i o n s at high frequencies are mainly for lumped 
elements and, i n a l i m i t e d way, microwave integrated 
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c i r c u i t s , t h e i r p r o p e r t i e s are comparable with other 
s u b s t r a t e m a t e r i a l s except for the thermal conductivity 
which may be too low for packaging. 
A wide range of d i e l e c t r i c m a t e r i a l s i s a v a i l a b l e 
for s u b s t r a t e use. I t may be a l s o apparent that each 
m a t e r i a l can u s u a l l y be found a s p e c i f i c a p p l i c a t i o n or 
a number of a p p l i c a t i o n s for which i t s properties are 
adequate. The requirement of some packages may not be as 
s t r i n g e n t as i t appears and l e s s expensive m a t e r i a l s , 
p o s s i b l y of polymeric type, could be completely 
s a t i s f a c t o r y i n performance. 
5.7 Manufacture and Testing of Substrate M a t e r i a l s 
5=7.1 Introduction 
There are many processes involved in the manufacture 
of s u b s t r a t e m a t e r i a l s and therefore to maintain high 
y i e l d in r e p r o d u c i b i l i t y w i l l normally be a d i f f i c u l t 
tasko The s e l e c t i o n of ingredient minerals and compounds 
for the intended composition and ultimate d i e l e c t r i c 
p r o p e r t i e s w i l l i n i t i a l l y demand preliminary 
measurements to e s t a b l i s h permissible t o l e r a n c e s in the 
p u r i t y of the components. Most of the processes that 
follow are mainly concerned with the accomplishing a 
w e l l blended, often under high temperatures, composition 
i n t o r e q u i r e d shapes. 
Production of a m a t e r i a l , in general, w i l l incorpo-
r a t e four fundamental stages, namely, crushing, wet 
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mixing, shaping and s i n t e r i n g (or drying and f i r i n g ) . 
The measurements of d i e l e c t r i c constant and d i s s i p a t i o n 
f a c t o r may be a d v i s a b l e between these processes as 
intermediate q u a l i t y checks and c e r t a i n l y during the 
f i r s t few production runs. I t i s possible that such 
t e s t s may expose any problems in the mixing processes 
and timing of v a r i o u s stages. At the end of the 
f a b r i c a t i o n the measurements of d i e l e c t r i c p r o p e r t i e s 
w i l l have a d d i t i o n a l o b j e c t i v e s to determine, for 
example, the degree of d i e l e c t r i c inhomogeneity and 
anisotropy of the f i n a l samples. 
Apart from the need to s a t i s f y the required 
d i e l e c t r i c q u a l i t i e s , s u b s t r a t e s w i l l have to posses 
p h y s i c a l p r o p e r t i e s such as S-ti'cii2-i K)£Si j s t r u c t u r a l 
s t r e n g t h , high thermal c o n d u c t i v i t y , machinabi1ity e t c . 
These a r e normally achieved by introducing various 
a d d i t i v e s to impart the d e s i r a b l e c h a r a c t e r i s t i c s . The 
e f f e c t of these a d d i t i v e s on d i e l e c t r i c properties w i l l 
normally have to be monitored and recorded. 
5.7.2 Production Processes and Stages 
A f t e r the e s s e n t i a l components have been prepared 
and t e s t e d for i m p u r i t i e s the o b j e c t i v e next i s to crush 
or g r i n d the raw m a t e r i a l s and the s p e c i a l a d d i t i v e s 
i n t o a powder. The g r a n u l i t y or the s i z e of p a r t i c l e s of 
i n d i v i d u a l c o n s t i t u e n t s i s of some importance, the f i n e r 
i t i s the better mixture i s obtained leading to a more 
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homogeneous and i s o t r o p i c r e s u l t . The m a t e r i a l s of the 
grinding t o o l s could at t h i s point contribute to the 
composition which may be detectable when measurements of 
the s u b s t r a t e powder are c a r r i e d out, e.g. iron 
i m p u r i t i e s . 
In the second stage, dry powder has a l u b r i c a n t 
added to reduce f r i c t i o n between p a r t i c l e s and avoid 
c l o t t i n g , a l s o melting and binding agents to make the 
mixture s e m i f l u i d formable mass. Other a d d i t i v e s may 
a l s o be included here for the f i n a l sample to acquire 
p a r t i c u l a r p h y s i c a l p r o p e r t i e s such as adhesiveness, 
e l a s t i c i t y , mechanical strength etc= =.. There may be a 
process of drying next i f the mixture i s found to 
contain too much moisture which could make the following 
s t e p of shaping d i f f i c u l t to achieve. 
Checks on the p r o p e r t i e s at the end of t h i s process 
w i l l p o s s i b l y produce widely-varying r e s u l t s in addition 
to c r e a t i n g problems i n the contrivance of the measure-
ment methods. The information obtained may not be 
c o r r e c t and not of much use and consequently t e s t i n g 
o u t l a y w i l l not be J u s t i f i e d a t ^rhis stage. 
The shaping stage involved a number of d i f f e r e n t 
p rocesses depending on the geometry of the f i n a l product 
and a p p l i c a t i o n s . Among the method c a s t i n g , i n j e c t i o n 
moulding or e x t r a c t i o n , compaction and hot pressing are 
s e l f explanatory and recognised as the main shaping 
techniques. The f i r s t two, c a s t i n g and i n j e c t i o n 
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moulding, are the methods for which the material should 
have s u f f i c i e n t f l u i d i t y and low v i s c o s i t y to allow an 
easy flow. For the other two, the moisture content w i l l 
have to be reduced to below ^7, unless wet pressing 
method i s used which allows between 10 and 15% moisture 
content, making the l a t t e r in f a c t a p l a s t i c forming 
process. In hot pressing, the pressure and temperature 
are a p p l i e d at the same time r e s u l t i n g in low porosity 
and denser m a t e r i a l s . T h i s l a t t e r method i s possibly 
the one which w i l l be used in the case of s u b s t r a t e 
m a t e r i a l s and being a penultimate process may r e q u i r e a 
measurement check on the propertieSo 
The f i n a l bonding or s i n t e r i n g process, a l s o known 
as drying and f i r i n g , i s c a r r i e d out at high 
temperatures to give the m a t e r i a l i t s proper strengh. I t 
i s a very c r i t i c a l stage s i n c e an unwelcome cracking 
and/or warping may occur u n l e s s the environmental 
conditions and the a p p l i e d temperatures are s t r i c t l y 
controlledo Movement of moisture to the s u r f a c e and i t s 
l o s s by evaporation, even under humid conditions, can 
r e s u l t in unequal r a t e s of s h r i n k i n g c r e a t i n g as a 
consequence t e n s i l e or s t r e s s f o r c e s within the sample-
L o c a l i s e d higher temperature ar e a s can a l s o produce 
g l a s s y bond ( c r y s t a l l i s a t i o n ) adding to the 
inhomogeneity of the m a t e r i a l p r o p e r t i e s . During the 
process p h y s i c a l p r o p e r t i e s such as porosity, the 
strength and hardness, a l s o adhesion property of metal 
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deposition are s i g n i f i c a n t l y a f f e c t e d by the manner in 
which i n d i v i d u a l operations are timed and sequenced. 
After f i r i n g , a d d i t i o n a l machining may be necessary to 
e l i m i n a t e any imperfections in order to improve s u r f a c e 
f i n i s h luhich may a l s o include chemical means. 
5o7=3 Colour in Ceramics 
Colour in oxide ceramics and g l a s s e s i s produced by 
impurity atoms in the l a t t i c e . P a r t i c u l a r frequencies 
are absorbed by the e l e c t r o n i c s t r u c t u r e a s s o c i a t e d with 
the impurity s i t e , and t h i s g i v e s reduced transmission 
in p a r t s of the spectrum. T r a n s i t i o n metals, p a r t i -
c u l a r l y V , Cr, Mn, Fe, Co, Ni, and Cu and combination 
of these, are most e f f e c t i v e i n producing colour. The 
colour may a l s o be dependent on the atmosphere used in 
f i r i n g or melting because the valency s t a t e of many of 
those l i s t e d above may be a l t e r e d , and t h i s changes the 
e l e c t r o n i c c o n f i g u r a t i o n and hence the absorption 
spectrum. 
Iron i s a very common impurity in a l l raw m a t e r i a l s , 
and produces c o l o r a t i o n from s l i g h t creaminess through 
to orange in otherwise white products. "Whiteness" i s 
often p r e f e r r e d because products tends to s e l l better, 
but t h i s r e q u i r e s more expensive processing, purer raw 
m a t e r i a l s , and perhaps even reduction f i r i n g , to keep 
iron in the f e r r o u s s t a t e in which i t tends to cause a 
dead white r a t h e r than a yellow colour. Brown or black 
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aluminas contains i n g r e d i e n t s necessary for the 
f a b r i c a t i o n process. 
Although the colour of oxide-based t e h n i c a l and 
engineering ceramics can be changed d e l i b e r a t e l y by the 
a d d i t i o n of secondary oxides of various types, t h i s if 
u s u a l l y done for commercial reasons. Deliberate c o l o r a t -
ion g i v e s some i d e n t i t y to a product. In some inst a n c e s , 
dark-coloured oxide ceramics are advantageous in the end 
use, e.g. s u b s t r a t e s for photo-electronic devices. 
5.8 Test M a t e r i a l s 
As i t has been mentioned, the VLSI m a t e r i a l s used in 
t h i s p r o j e c t were mainly for the assessment of the 
v a l i d i t y and accuracy of the new Sweep Generator/ 
Spectrum Analyzer Assembly technique, and a l s o a t e s t of 
the c a p a b i l i t y of the constructed broadband c o a x i a l 
c a v i t y to be used for d i e l e c t r i c measurements. 
Some of these m a t e r i a l s are known very often only by 
t h e i r trade names with composition and ingredients not 
been f r e e l y a v a i l a b l e as information to the customer. 
They are mainly oxide and g l a s s ceramics and are 
summarized i n Table ( 1 ) . 
Although d i e l e c t r i c p r o p e r t i e s of m a t e r i a l s used i n 
VLSI a p p l i c a t i o n s played an important r o l e , the r e q u i r e -
ments of the m i c r o e l e c t r o n i c c i r c u i t s are not r e s t r i c t -
i v e . Most of the c i r c u i t s can accept d i e l e c t r i c constant 
and d i e l e c t r i c l o s s of very wide ranging values. 
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Table ( 1 ) : L i s t of Ceramic M a t e r i a l s Used 
1- Coors ADS 995 ( p o l y c r y s t a l 1 ine alumina, 99.57. A I 2 O 3 ) 
2- Coors ADS 96R ( p o l y c r y s t a l 1 ine alumina, 997. A l z O r s ) 
3- Coors ADO 90< p o l y c r y s t a l 1 ine alumina, black, 907. AI2O3) 
A- Vito;< (high density AI2O3) 
5- NK2/3447 ( g l a s s ceramics c o r d i e r i t e based) 
h- NK2/3802 ( g l a s s ceramics c o r d i e r i t e based) 
7- G l a s s Ceramics 
8- MRC 
9- NTK 
10- Rosenthal 
11- Alsimag 
12- Thomson 
13- Deranox 
14- Hoechst 
15- Kyocera 
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CHAPTER 6 
MEASUREMENT METHODS AND TECHNIQUES 
601 Introduction 
In order to determine the d i e l e c t r i c p roperties of a 
ma t e r i a l over a wide range of frequencies, i t i s u s u a l l y 
necessary to use d i f f e r e n t measurement methods. 
At low frequencies, the d i e l e c t r i c properties of 
m a t e r i a l s are normally determined by measuring the 
capacitance and conductance of a sample using the bridge 
method or by measuring the capacitance and the q u a l i t y 
f a c t o r due to the sample using the Q-meter technique. 
The sample i s normally placed between a pair of 
micrometer e l e c t r o d e s and the e n t i r e system i s contained 
in a metal s h i e l d i n g box to e l i m i n a t e undesirable e f f e c t s 
of s t r a y f i e l d s . 
At high frequencies , there are s e v e r a l methods 
a v a i l a b l e for obtaining the d i e l e c t r i c properties of 
m a t e r i a l s . Two methods w i l l be described in t h i s chapter. 
The f i r s t , c a l l e d the re f l e c t o m e t e r method, involves the 
r a t i o of r e f l e c t e d to i n c i d e n t powers, while the second 
method uses a spectrum a n a l y z e r to display the response 
of the c a v i t y with and without the material sample whose 
d i e l e c t r i c p r o p e r t i e s a r e to be determined. 
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6.2. Bridge Method 
h.2.1 Theory 
The components of the complex d i e l e c t r i c constant 
( , and the l o s s tangent ( t a n 6 ) of a sample can be 
deduced from the following equations C46,47D, 
C 
G^= 
C. 
(6. 1 ) 
tan6 = = ---
Cc = 
where 
wC 
Z cA 
d 
(6.3) 
and 
C = capacitance of sample, 
Co= capacitance between e l e c t r o d e s ( a i r ) , 
G = conductance of sample, 
u = angular frequency, 
d = t h i c k n e s s of sample, 
A = c r o s s - s e c t i o n a l area of e l e c t r o d e s , 
£„= p e r m i t t i v i t y of f r e e space = 8.85xlO-*'*(Fcm-») 
However, the f i n a l equation must include the 
c o r r e c t i o n f a c t o r for the edge e f f e c t s capacitance C. 
with c i r c u l a r e l e c t r o d e s of the same diameter D given by 
110 
C48:. 
1.113D / 8TTD 
Cc = ( In 3 ) in (pF) (6.4) 
8TT \ d 
leading to 
C 
^ = (6.5) 
Cc+Cc^ 
Since the s t r a y capacitance due to the el e c t r o d e s i s 
included in the measured value of C , another c o r r e c t i o n 
f a c t o r may be needed before the true capacitance of the 
sample can be determined. 
The equivalent c i r c u i t of the sample i s shown in 
Fig.6.1.a. In t h i s c i r c u i t the sample i s represented by a 
capacitance, C , shunted by the r e s i s t a n c e , R, represent-
ing the l o s s . These q u a n t i t i e s are the true values of 
capacitance and r e s i s t a n c e of the sample and can be 
c a l c u l a t e d from the measured r e s u l t s . 
Let Cs be the s t r a y capacitance a s s o c i a t e d with the 
e l e c t r o d e s and connecting cables. I t i s assumed to be in 
p a r a l l e l with C as shown in Fig.6.1.b. 
The conductance has been omitted s i n c e the perform-
ance i s being measured at low frequency and i t s e f f e c t i s 
considered i n s i g n i f i c a n t . I t i s intended that the leakage 
admittance e f f e c t i s included by using the c o r r e c t i o n 
111 
(b) 
FIG 6.1- Equivalent Circuits of Dielectric Sample 
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f a c t o r . 
Accordingly, the t o t a l capacitance, C*, measured on 
the bridge, when the sample i s placed between the 
e l e c t r o d e s , can be w r i t t e n as. 
C. = C + Ce ^^ --^ ^ 
When the sample i s removed , the capacitance due to 
the a i r gap can be w r i t t e n as 
c . = c„ + c . <^-7^ 
On s u b s t i t u t i o n for CQ from eqns. (6.6) & ( 6 . 7 ) , the 
capacitance, C , of the sample now can be expressed as 
C = C. - C. C„ <'^-«> 
F i n a l l y , combining eqns. ( 6 . 2 ) , ( 6 . 5 ) & (6.8) y i e l d s 
C„ + c« 
f ^ (6.10) 
tanft = 
w(Ctr - C. + Co) 
In the above equations Ct, C. & G are measurable 
q u a n t i t i e s and Co can be found from eqn.(6.3). 
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6.2.2 Measurement Procedure 
The U n i v e r s a l Bridge to be used should be c a l i b r a t e d 
(trimmed) before taking any measurements because the 
capacitance of the measurement c a b l e s and the coupling 
between them and the t e s t j i g would give r i s e to f a l s e 
zero readings. The TRIM potentiometer enables these 
e f f e c t s to be balanced out. 
I n i t i a l l y , the measurements c a b l e s to be used were 
connected to the UNKNOWN sock e t s E and I of the Bridge 
and the LINK-NEUTRALS switch was s e t to the ON po s i t i o n . 
Then the RANGE 4 was s e l e c t e d and a l l the decade c o n t r o l s 
were s e t to zero. The C and G buttons were depressed to 
reading 1. F i n a l l y , TRIM C and TRIM G were adjusted to 
obtain minimum i n d i c a t i o n on the NULL i n d i c a t i n g meter 
(see F i g . 6 . 2 ) . 
Although the trimming c o n d i t i o n s e s t a b l i s h e d on RANGE 
4 w i l l be approximately c o r r e c t on RANGE 4-10, i t i s 
d e s i r a b l e always to check the trim on the RANGE f i n a l l y 
s e l e c t e d for measurement, with the s e t t i n g of the 
MULTIPLIER switches determined for any s p e c i a l j i g s 
connected C47]„ 
The balance of the Bridge was obtained to minimize 
the e f f e c t of any r e s i d u a l capacitance and conductance. 
The m a t e r i a l sample was then i n s e r t e d between the e l e c t -
rodes of the t e s t j i g and the Bridge was rebalanced. The 
cap a c i t a n c e and the conductance of the sample were 
1 U 
FIG 6.2: Indicators and Connectors of 
Wayne Kerr Universal Bridge B22A 
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measured d i r e c t l y . The corresponding capacitance and 
conductance of the a i r gap were s i m i l a r l y measured. 
F i n a l l y , from the above information the d i e l e c t r i c 
constant and the l o s s tangent of the material were 
c a l c u l a t e d s o l v i n g eqns. (6.9) & (6.10). 
Gough and I s a r d C49] have mentioned e r r o r s up to 
about 107. in E*" and t a n 6 can a r i s e in the cases when 
d i e l e c t r i c measurement are made without m e t a l l i c coatings, 
I t i s found necessary for e l i m i n a t i o n of any a i r gaps 
between the main e l e c t r o d e s and the sample to use gold 
c o n t a c t s . C i r c u l a r gold e l e c t r o d e s of 7mm diameter were 
evaporated on the opposite s u r f a c e s of the sample 
(Ix l c m ^ ) to ensure a good e l e c t r i c a l contact over a well 
defined a r e a between the sample and the e l e c t r o d e s of the 
d i e l e c t r i c t e s t j i g shown in Fig.6.3 . 
The measuring j i g i s u s u a l l y assembled in a metal box 
to e l i m i n a t e u n d e s i r a b l e e f f e c t s due to e x t e r n a l s t r a y 
f i e l d s and to provide the sample with a high degree of 
e l e c t r i c a l s h i e l d i n g . Fig.6.4 shows the e f f e c t of the 
s t r a y capacitance due to the f r i n g i n g e f f e c t . 
In the present measurements, the d i e l e c t r i c constant 
and the l o s s tangent of v a r i o u s ceramics were determined 
with and without gold contacts on the sample and the 
r e s u l t s a r e presented in the next chapter. 
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6.3. Q-Meter Method 
6.3.1 Theory 
The p r i n c i p l e of the Q-meter c i r c u i t i s based on the 
s e r i e s resonant c i r c u i t . I t s equivalent c i r c u i t i s shown 
in Fig.6.5 . I t c o n s i s t s of r e s i s t o r , R, which represents 
the i n t e r n a l r e s i s t a n c e of the c i r c u i t , inductor, L , and 
c a p a c i t o r , C , a l l in s e r i e s and connected to a v a r i a b l e 
s i g n a l source. Taking L and C as the t o t a l inductance and 
capacitance we have the resonant, frequency 
1 
f„ = -ZZT 
2TT/LC 
(6.11) 
At resonance, the t o t a l capacitance, Cx, of the 
c i r c u i t without the sample can be written as 
(6.12) CT = C i + Co + CM + CL 
where 
C i = the v a r i a b l e capacitance of the Q-meter, 
CM = capacitance of the sample holder, 
Ci_ = capacitance of the connecting cables, 
Co = capacitance due to the a i r gap. 
By i n s e r t i n g the sample between the electro d e s , C i 
changes to C^ and the r e f o r e Cx w i l l now become 
1 1 9 
1 /^W^ 
u 
I CJ 
C9 
e 
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C T = + C + CM + C L 
where 
C i s t h e sample c a p a c i t a n c e . 
E q u a t i n g eqn. (6.12) and ( 6 . 1 3 ) y i e l d s 
C i - Ca = C - C„ 
(6.13) 
(6.14) 
S u b s t i t u t i n g t h i s i n eqn. ( 6 . 1 ) and adding the edge 
e f f e c t s , i . e . C«, uie f i n a l l y g e t 
Co - C. 
= + 1 ( 6 . 15) 
The l o s s t angent of the sample can a l s o be c a l c u l a t e d C50: 
from 
t a n 5 = = --r 
C i - C2 
where 
Q i and Q2 a r e t h e Q - v a l u e s o f t h e c i r c u i t w i t h o u t and 
w i t h t h e sample , r e s p e c t i v e l y . 
I n p r a c t i c e , knowledge of the e f f e c t i v e 
c a p a c i t a n c e s ( C e ) of C i and Cz a r e r e q u i r e d and i t i s 
g i v e n by C50D 
121 
= C.„. <6.17) 
1 - i u ^ C i „ d 
where 
C i n d i s e q u a l t o the i n d i c a t e d measured c a p a c i t a n c e s Ct, 
Cz and L i s t h e i n d u c t o r used i n t h e r e s o n a n t c i r c u i t . 
I n g e n e r a l , i t i s s u f f i c i e n t to u s e the v a l u e 
i n d i c a t e d on t he t u n i n g c a p a c i t a n c e d i a l . 
6.3.2 Measurement Pr o c e d u r e 
The Q-meter was s e t t o z e r o and t h i s must be checked 
i m m e d i a t e l y b e f o r e t a k i n g any measurement. The 
measurement may be c a r r i e d out a t any f r e q u e n c y w i t h i n 
t h e r a n g e but i t must be remembered t h a t t h e e f f e c t i v e 
c a p a c i t a n c e v a r i e s w i t h f r e q u e n c y because of the r e s i d u a l 
s e l f i n d u c t a n c e of t he s y s t e m under t e s t . 
I n i t i a l l y , t h e t e s t J i g w i t h t h e sample was connected 
to t h e t e s t c i r c u i t t e r m i n a l , and t h e o s c i l l a t o r f r e q u e n -
cy was s e t t o the r e q u i r e d r e s o n a n t f r e q u e n c y . A 
s u i t a b l e r e s o n a t i n g i n d u c t o r was connected t o t h e HI and 
LO t e r m i n a l s o f t he Q-meter and t h e t u n i n g - c a p a c i t o r d i a l 
was a d j u s t e d s o t h a t an i n d i c a t i o n of maximum v a l u e of Q 
was o b t a i n e d ( s e e F i g . 6 . 6 ) . L e t t h i s c a p a c i t a n c e be Ca 
and t h e c o r r e s p o n d i n g q u a l i t y f a c t o r be Q^. 
Next, t h e sample was removed and the t u n i n g - c a p a c i t -
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ance d i a l r e a d j u s t e d - L e t t h i s time, t h e new 
t u n i n g - c a p a c i t o r s e t t i n g a t r e s o n a n c e be C i and t h e 
i n d i c a t e d Q r e a d i n g be Q i . 
The a b s o l u t e v a l u e s of and t a n 6 can now be 
c a l c u l a t e d from eqns. ( 6 . 1 5 ) & (6„16) s i n c e t h e d i f f e i — 
e n c e i n t h e c a p a c i t a n c e i s a f u n c t i o n of t he d i e l e c t r i c 
c o n s t a n t and t h e change i n t h e q u a l i t y f a c t o r i s a 
f u n c t i o n of t h e l o s s t a n g e n t . 
6.4 R e f l e c t e d Power Method 
T h i s method i s based on d e t e r m i n i n g t h e q u a l i t y 
f a c t o r Q, and t h e r e s o n a n c e f r e q u e n c y of a c a v i t y w i t h o u t 
and w i t h t h e sample. The d i e l e c t r i c p r o p e r t i e s of t he 
sample can then be o b t a i n e d u s i n g t h e p e r t u r b a t i o n 
f o r m u l a s . 
The measurement o f t h e q u a l i t y f a c t o r i n t h i s method 
i s b a s i c a l l y d e s c r i b e d by S u c h e r and Fox C183. The method 
depends on t h e d e t e r m i n a t i o n of t h e v o l t a g e r e f l e c t i o n 
c o e f f i c i e n t magnitude { p | a t r e s o n a n c e ( f o ) and a t t h e 
two f r e q u e n c i e s f i , f 2 , chosen t o be s y m m e t r i c a l l y 
l o c a t e d on e i t h e r s i d e of r e s o n a n c e . From t h i s d a t a t h e 
l o a d e d Q(Qi_) may be computed. 
The measurement i s b a s e d on t h e e q u a t i o n 
p J = 3 
1 + r 
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w i t h t h e bandwidth parameter | g i v e n by 
A f 
f. 
= ( <6.19) 
where, 
jPcal = r e f l e c t i o n c o e f f i c i e n t magnitude a t reson a n c e , 
j p i j = r e f l e c t i o n c o e f f i c i e n t magnitude f a r o f f r e s o n a n c e , 
|p j = r e f l e c t i o n c o e f f i c i e n t magnitude a t f n f ^ . 
I f one d e s i r e s t o work w i t h ^ =1 ( c o r r e s p o n d i n g to the 
3dB bandwidth) t h e c o r r e s p o n d i n g v a l u e of | p | i s 
I p I - ^ 
6.4.1 Measurement P r o c e d u r e 
The s e t up f o r t h i s t y p e of measurement i s shown i n 
F i g . 6 . 7 . The s y s t e m s h o u l d be c a l i b r a t e d b e f o r e t a k i n g 
t h e measurements. The r e p e l l e r and t he beam v o l t a g e of 
t h e K l y s t r o n was a d j u s t e d t o o b t a i n a smooth power v e r s u s 
f r e q u e n c y d i s p l a y from Xt. The s h o r t c i r c u i t was p l a c e d 
a t p o s i t i o n B-B and an a d j u s t m e n t of a t t e n u a t o r 2 was 
made s o t h a t t h e i n c i d e n t and t h e r e f l e c t e d t r a c i n g were 
i n c o i n c i d e n c e . 
With t h e c a v i t y i n t h e t e s t p o s i t i o n and the s h o r t i n g 
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p l a t e out of t h e c i r c u i t , the c a v i t y was tuned to t he 
r e s o n a n t f r e q u e n c y ( f o ) = Now | Po} and | P i | can be 
measured by l o w e r i n g the i n c i d e n t power t r a c e i n o r d e r to 
touc h t h e top and t h e bottom of t h e r e f l e c t e d power 
t r a c e r e s p e c t i v e l y . These t r a c e s a r e shown i n F i g . 6 . 8 . 
We can e i t h e r choose t h e v a l u e o f ^ t o be 1 , i . e . 3dB 
p o i n t and c a l c u l a t e t h e c o r r e s p o n d i n g v a l u e of | p I from 
e q u a t i o n ( 6 . 2 0 ) , or choose a c o n v e n i e n t dB v a l u e of I p I 
a r b i t r a r i l y , l e a v i n g t h e computation of | f o r l a t e r . 
I n both c a s e s f i and f a may be determined by means of 
t h e wavemeter p r o v i d e d and Q L found from eqn. ( 6 . 1 9 ) . 
6 . 5 Sweep G e n e r a t o r / S p e c t r u m A n a l y z e r Method (SG/SA) 
The method i s based on measurements of very s m a l l 
c hanges i n c a v i t y Q and i t s r e s o n a n t f r e q u e n c y when t h e 
sa m p l e under t e s t i s i n s e r t e d . The p o s i t i o n of the sample 
i n t h e c a v i t y i s s o chosen a s t o produce a maximum 
f r e q u e n c y s h i f t from which t h e v a l u e o f t h e p e r m i t t i v i t y , 
e"" , i s d e t e r m i n e d . The l o s s t a n g e n t can be determined 
from t h e changes i n t h e q u a l i t y f a c t o r Q. 
I n t h i s method a spectrum a n a l y z e r was used a s a 
monitor f o r f r e q u e n c y s h i f t and q u a l i t y f a c t o r 
d e t e r m i n a t i o n = The b a s i c s e t up c o n s i s t s of a sweep 
o s c i l l a t o r , a spectrum a n a l y z e r , two a t t e n u a t o r s f o r 
matching p u r p o s e s and the c a v i t y under t e s t . T y p i c a l t e s t 
c i r c u i t i s shown i n F i g . 6 . 9 . 
1 2 7 
Wavemetcr Dip iPj^indB 
Incident 
Power Trace 
Reflected 
Power Trace 
(a) Incident and Refl(2Ct<2d 
Traces 
(b) Position of Dcterming 
(c) Position of Detcrming (d) 3dB Points Measurement 
FIG 6.8: Oscilloscope Displays During 0 Measurements 
1 2 8 
GO 
CO 
CD 
CO 
SP
EC
TR
UM
 
AN
AL
YS
ER
 
SA
 
CA
VI
TY
 
UN
DE
R
 
TE
ST
 
1 1 1 1 
GL g 
l i J 
C9 
O 
E 
1 2 9 
H o r i z o n t a l P o s i t i o n and C e n t e r Frequency C a l i b r a t i o n 
The s p e c t r u m a n a l y z e r s h o u l d be c a l i b r a t e d C 5 i : 
b e f o r e t a k i n g t h e measurements. I n i t i a l l y t h e TUNING was 
a d j u s t e d t o 2GHz. The CAL OUT was connected t o RF IN, 
u s i n g a c o a x i a l c a b l e and a d a p t e r . T h i s s h o u l d produce a 
d i s p l a y on t h e s c r e e n . I t may be n e c e s s a r y t o ad j u s t t h e 
TUNING s l i g h t l y t o c e n t e r t h e d i s p l a y on t he s c r e e n . The 
PEAKING c o n t r o l was a d j u s t e d t o maximize t h e c a l i b r a t o r 
s i g n a l a m p l i t u d e . The DEGAUSS button was pushed and then 
t h e CENTER FREQUENCY TUNING was a d j u s t e d f o r minimum 
c a l i b r a t o r s i g n a l s h i f t a s t h e f r e q u e n c y SPAN/DIV was 
s w i t c h e d between lOMHz and lOOKHz p o s i t i o n s . 
Next t h e SPAN/DIV was r e t u r n e d to lOMHz and the 
s i g n a l was p o s i t i o n e d t o c e n t e r on t h e s c r e e n w i t h t h e 
HORIZ POSITION c o n t r o l . F i n a l l y t h e CENTER FREQUENCY CAL 
was a d j u s t e d f o r a c e n t e r f r e q u e n c y r e a d o u t of 26Hz. 
( F i g . 6 . 1 0 ) . 
AMPLITUDE and LOG CAL Adjustment 
The AMPLITUDE CAL a d j u s t m e n t s e t s an i n p u t s i g n a l of 
t h e c o r r e c t a m p l i t u d e t o t h e r e f e r e n c e l e v e l ( t o p 
g r a t i c u l e l i n e ) . The LOG CAL a d j u s t m e n t c a l i b r a t e s t h e 
d i s p l a y f o r dB/DIV. 
F o r t h e a d j u s t m e n t of t h e AMPLITUDE and LOG CAL, the 
d i s p l a y mode was s e l e c t e d t o be 2dB/DIV and t h e FREQUENCY 
SPAN/DIV was s e t t o IMHz. Then t h e CENTER FREQUENCY was 
tuned t o 2GHz. Next, t h e d i s p l a y b a s e l i n e a t t h e bottom 
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g r a t i c u l e l i n e was s e t w i t h t h e VERTICAL POSITION c o n t r o l 
and t h e PEAKING was a d j u s t e d f o r maximum s i g n a l a m p l i t u d e 
Then t h e AMPLITUDE CAL was a d j u s t e d w h i l e a l t e r n a t e l y 
s w i t c h i n g between 2dB/DIV and lOdB/DIV so t h a t the s i g n a l 
a m p l i t u d e was t h e same f o r both modes . F i n a l l y LOG CAL 
was a d j u s t e d i n t h e lOdB/DIV mode, f o r a f u l l s c r e e n 
s i g n a l ( t o p g r a t i c u l e l i n e ) . 
6 . 5 . 1 Measurement P r o c e d u r e 
I n i t i a l l y , t h e CENTER FREQUENCY of the spectrum 
a n a l y z e r i s tune d t o t h e d e s i r e d r e s o n a n t frequency ( f o ) . 
Then t h e d i s p l a y i s g e n e r a t e d by t u n i n g the sweeping 
o s c i l l a t o r and t h e c a v i t y t o t h a t f r e q u e n c y ( f o ) through 
t h e s p e c t r u m a n a l y z e r s p a n . Next, t h e REFERENCE LEVEL of 
t h e a n a l y z e r and t h e POWER LEVEL of t h e sweeper a r e 
a d j u s t e d f o r a f u l l s c r e e n s i g n a l ( t o p g r a t i c u l e l i n e ) . 
The r e s p o n s e o f t h e c a v i t y i s h e l d i n t h e MAX HOLD 
memory of t h e a n a l y z e r a f t e r sweeping on both s i d e s of 
t h e r e s o n a n t f r e q u e n c y . The sweep r a t e can be c o n t r o l l e d 
by t h e sp e e d t i m e knob of t h e sweeper. F i n a l l y the 
bandwidth ( A f ) can be measured a f t e r d e t e r m i n i n g t h e 
h a l f - p o w e r p o i n t s (3dB) and hence t h e loaded q u a l i t y 
f a c t o r ( Q L ) can be c a l c u l a t e d from e q u a t i o n ( 2 . 3 ) . The 
above p r o c e d u r e was implemented i n e s t a b l i s h i n g t h e 
l o a d e d Q - v a l u e o f t h e c a v i t y , f i r s t l y w i t h t h e s i l i c a r o d 
a l o n e and s e c o n d l y w i t h t h e s i l i c a and t h e t e s t sample. 
F i g . 6 . 1 1 i l l u s t r a t e s t h e r e s p o n s e o f t h e c a v i t y w i t h and 
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w i t h o u t t h e sample, u s i n g the spectrum a n a l y z e r method. 
To a v o i d d i s m a n t l i n g the c a v i t y , the sample and the 
s i l i c a r o d were i n s e r t e d through a s u i t a b l y p l a c e d h o l e 
b u i l t on t h e end p l a t e w a l l of the c o a x i a l c a v i t y . Vacuum 
g r e a s e was u s e d t o s t i c k t h e sample onto t h e s i l i c a rod. 
I t was found t h a t o n l y a t h i n l a y e r was needed and 
moreover t h e vacuum g r e a s e were c l a i m e d by the 
m a n u f a c t u r e r s t o be l o s s l e s s . A micrometer was a l s o used 
t o lower t h e s i l i c a r o d and t h e sample i n s i d e the c a v i t y . 
T h i s t o e n s u r e t h a t the sample under s t u d y was p l a c e d a t 
t h e r i g h t p o s i t i o n i n t h e c a v i t y and t o a v i o d t o u c h i n g 
t h e c a v i t y w h i l e t a k i n g t h e measurements. From the above 
i n f o r m a t i o n and by s o l v i n g eqns. (3.51) & ( 3 . 5 2 ) , the 
d i e l e c t r i c p r o p e r t i e s of t h e t e s t sample can now be 
found. 
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CHAPTER 7 
RESULTS 
7. 1 I n t r o d u c t i o n 
Measurements were c a r r i e d out a t low f r e q u e n c i e s , 
w i t h and w i t h o u t g o l d c o n t a c t s , on v a r i o u s t y p e s of 
c e r a m i c s s u p p l i e d by H i r s t R e s e a r c h C e n t r e GEC. The 
measured r e s u l t s f o r t h e s e c e r a m i c s a r e p r e s e n t e d i n 
i n t h i s c h a p t e r and were o b t a i n e d on an e x p e r i m e n t a l s e t 
up u s i n g the Wayne K e r r U n i v e r s a l B r i d g e (Type-B224), and 
t h e S t a n d a r d Q-meter (Marconi TF 1245). 
High f r e q u e n c y r e s u l t s , f o r the same m a t e r i a l s a r e 
p r e s e n t e d i n t h i s c h a p t e r . These were o b t a i n e d by u s i n g 
t h e c o a x i a l c a v i t y p e r t u r b a t i o n method (CPM) and SG/SA 
a s s e m b l y . 
7.2 Low F r e q u e n c y Assessement 
The measured d i e l e c t r i c c o n s t a n t and t h e l o s s tangent 
of v a r i o u s t y p e s o f c e r a m i c s a r e summarized i n t a b l e s ( 1 ) 
t o ( 1 5 ) . The v a l u e s g i v e n r e p r e s e n t the a v e r a g e s of 
s e v e r a l measurements on each sample . 
I t was found t h a t both t e c h n i q u e s , the b r i d g e and 
t h e Q—meter, were of adequate p r e c i s i o n f o r d e t e r m i n i n g 
t h e d i e l e c t r i c c o n s t a n t s of the m a t e r i a l s . The d e t e r m i n -
a t i o n of t h e l o s s tangent was found t o be c r i t i c a l i n 
both t e c h n i q u e s . I n t h e b r i d g e method the l e a s t r e a d i n g 
e r r o r of t h e conductance , G , due to t h e i n s t r u m e n t was 
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TABLES ( 1 - 1 5 ) ; 
D I E L E C T R I C PROPERTIES OF VARIOUS 
CERAMICS OBTAINED AT LOl-J FREQUENCY 
T a b l e ( 1 ) s Coors ADS 995 
D i r e c t C o n t a c t Gold C o n t a c t 
Frequency e tan& tan& Techn ique 
(MHz) x l O ^ x l O ^ 
0.001 8.24 7. 16 9.71 4.55 
0.010 8,21 1.44 9,69 4.56 B r i d g e 
0.015 8. 10 5.21 9.66 4.57 Method 
0.020 8.00 5.76 9,63 4.81 
1.0 8.24 2.63 9.88 4.39 
2,0 8,22 3. 12 9.60 5.01 Br i dge 
5.0 8.31 2. 92 9,74 4.80 Method 
10.0 8.41 3.44 9.60 4.60 
136 
Table ( 2 ) ; Coors ADS 96R 
D i r e c t Contact Gold Contact 
Frequency e tan5 tan5 Techn ique 
(MHz) xlO* ;<10* 
0.001 7.2^ 2.63 9.30 2.05 
0.010 7.21 1.11 9o26 1.23 Bridge 
0.015 7. 19 0.88 9.23 1.51 Method 
0.020 7. 15 0.77 9.20 1.65 
1.0 7. 18 3.89 9. 12 2.34 
2.0 7.22 1.61 9. 18 2.75 Q-meter 
5.0 7, 16 ^.89 9. 12 2. 16 Method 
10.0 7. 15 A.56 9.2A 2.42 
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Table ( 3 ) : Coors ADO 9D 
D i r e c t Contact Gold Contact Techn ique 
Frequency tan6 tan 6 
(MHz) xlO^ xl02 
0.001 8.68 u n r e l i a b l e u n r e l i a b l e 
0.010 8.23 2.25 9.94 2.61 Br i dge 
0.015 8. 15 1.86 9.85 2.20 Method 
0.020 8.05 2.24 9.63 2.02 
1.0 8. 15 0.68 9.75 0.58 
2.0 8. 15 1.00 9.75 0.75 Q—meter 
5.0 8. 12 1.99 9.63 0.75 Method 
10.0 8. 12 2. 16 9.75 0.61 
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Table (4)s Vitox 
D i r e c t Contact Gold Contact 
Frequency tan6 tan6 Techn iquue 
<MHz) xlO* xlO^ 
0.001 8.28 14.50 10.29 8.75 
0.010 8.23 6.77 10.25 9.66 Br i dge 
0.015 8o20 4.51 10.23 8.40 Method 
0.020 8. 16 5.22 10. 19 8.54 
1.0 8.26 4.96 10. 15 9.78 
2.0 8. 13 4.41 10.05 10.74 Q—meter 
5.0 8.26 5. 17 10. 19 8.97 Method 
10.0 8. 13 4.98 10. 10 9.32 
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Table ( 5 ) : MRC 
D i r e c t Contact Gold Contact 
Frequency £^ tan6 c tan6 Techn ique 
(MHz) xlO'^ xlO* 
0.001 8.31 6.53 9.98 u n r e l i a b l e 
0.010 8.28 5.89 9.95 6.60 Bridge 
0.015 8.24 readings 9.91 6.36 Method 
0.020 8.21 u n r e l i a b l e 9.87 6.25 
1.0 8.32 5.72 9.91 8.63 Q-meter 
2.0 8. 15 6.02 9.86 7.75 Method 
5.0 8. 15 7.39 9.89 7.33 
10.0 8. 15 6.94 9.94 8.99 
uo 
Table ( 6 ) : NTK 
D i r e c t Contact Gold Contact 
Frequency £^ tan6 c tan6 Techn ique 
(MHz) xlO=' xlO= 
0.001 7.77 1. 12 9.49 8.00 
0.010 7.75 5.85 9.39 3.37 Bridge 
0.015 7.72 3.01 9.36 2.98 Method 
0.020 7.70 4. 10 9.32 2.46 
1.0 7.79 0.48 9.36 4.96 
2.0 7.79 0.51 9.36 8.63 Q—meter 
5.0 7.57 0.61 9.28 7.27 Method 
10.0 7.79 0.45 9.34 6.54 
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Table ( 7 ) ; Alsimag 
D i r e c t Contact Gold Contact 
Frequency €^  t a n 6 tan6 Techn ique 
(MHz) xlO^" xlO^ 
0.001 8.34 4.53 Bidge unbalanced 
0.010 8.32 3. 18 9.95 4.97 Br i dge 
0.015 8.29 readings 9.91 4.03 Method 
0.020 8.25 u n r e l i a b l e 9.87 4.27 
1.0 8.35 3.88 9.89 5.21 
2.0 8. 12 4.42 9.90 4.99 Q—meter 
5.0 8.35 4.89 9.86 6.01 Method 
10.0 8.23 5.50 9.92 5.50 
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Table ( 8 ) : Rosenthal 
D i r e c t Contact Gold Contact 
Frequency tan6 e tan6 Techn ique 
(MHz ) xlO* xlO^ 
0.001 6.03 8.72 7.03 u n r e l i a b l e 
0.010 6.02 6.74 6.99 6.56 Br i dge 
0.015 6.00 7.01 6.80 5.79 Method 
0.020 5.98 7.52 6.66 5. 18 
1.0 6.05 7.97 7.07 5.32 
2.0 5.86 6.66 6.89 6.76 Q-meter 
5.0 6.00 7.39 6.95 5. 19 Method 
10.0 5.91 7.03 6.69 5.67 
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Table ( 9 ) : Thomson 
D i r e c t Contact Gold Contact 
Frequency tan6 tan6 Techn ique 
(MHz ) xlO^ xlO^' 
0.001 7. 15 4.51 9.93 3.23 
0.010 7. 10 2.27 9.87 2. 15 Br i dge 
0.015 7.08 2.08 9.83 2.27 Method 
0.020 7.05 1.67 9.79 2.08 
1.0 7. 16 2.33 9.83 2. 12 
2.0 7.08 2.62 9.75 2.22 Q-meter 
5.0 7.20 3. 19 9.67 2.63 Method 
10.0 7.24 4.00 9.75 2.94 
Table ( 1 0 ) : Deranox 
D i r e c t Contact Gold Contact 
Frequency tan6 tan6 Technique 
(MHz) xlO^" xlO= 
0.001 7.50 2. 10 9.84 8.79 
0.010 7.46 1.58 9.73 3.85 Bridge 
0.015 7.44 1.43 9.69 3.43 Method 
0.020 7.41 1.33 9.65 2.92 
1.0 7.51 2.67 9.56 3.34 
2.0 7.34 3.07 9.61 4.71 Q-meter 
5.0 7.42 3. 14 9.52 3.33 Method 
10.0 7.34 2.45 9.61 4.04 
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Table ( 1 1 ) : Hoechst 
D i r e c t Contact Gold Contact 
Frequency £^ tan 6 tan6 Techn ique 
(MHz) xlO=» xlO* 
0.001 7.45 u n r e l l a b i l e 9.41 11.30 
0.010 7.40 2.94 9.38 8.77 Br i dge 
0.015 7.38 2.23 9.36 4.73 Method 
0.020 7.35 2.35 9.32 4.27 
1.0 7.34 2.53 9.34 5.88 
2.0 7.26 2.79 9.26 4.91 Q—meter 
5.0 7.42 3. 13 9.30 7.22 Method 
10.0 7.34 2.88 9. 17 7.05 
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Table ( 1 2 ) : G l a s s Ceramics 
D i r e c t Contact Gold Contact 
Frequency tan 6 e tan6 Techn ique 
(MHz) xlO= xlO=» 
0.001 5.38 u n r e l i a b l e 6.07 u n r e l i a b l e 
0.010 5.25 8.43 5.96 6. 18 B r i dge 
0.015 5.22 6.96 5.93 5.38 Method 
0.020 5.20 6.02 5.90 4.99 
1.0 5. 17 5.21 6.09 7.20 
2,0 5.28 6.86 5.86 5.80 Q-meter 
5.0 5.40 5.47 5.98 6.76 Method 
10.0 5. 17 6.53 5.98 5.98 
U7 
Table ( 1 3 ) ; Kyocera 
D i r e c t Contact Gold Contact 
Frequency tan 6 s E tan6 Techn ique 
(MHz) xlO^ xlO^" 
0.001 7.34 7. 13 9.53 2.74 
0.010 7.32 6.44 9.48 1.96 Br i dge 
0.015 7.30 4.78 9.45 1.98 Method 
0.020 7.27 5.65 9.41 1.88 
1.0 7. 18 5.56 9.39 2.56 
2.0 7.25 6.24 9.22 2.45 Q—meter 
5.0 7.33 6.74 9.26 2.20 Method 
10.0 7.24 5.65 9.34 1.92 
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Table ( 1 4 ) : NK2/3447 
D i r e c t Contact Gold Contact 
Frequency tan 6 tan6 Techn ique 
(MHz) xlO=» xlO= 
0.001 4.50 u n r e l i a b l e 5.65 4.64 
0.010 4.43 6.07 5.59 4.75 Bridge 
0.015 4.42 5.34 5.56 5.00 Method 
0.020 4.39 5.35 5.54 5.09 
1.0 4.41 5.36 5.55 5.00 
2.0 4.39 5.40 5.58 5. 10 Q-meter 
5.0 4.38 5.55 5.53 5. 19 Method 
10.0 4.40 5.50 5.60 5.07 
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Table ( 1 5 ) : NK2/3802 
D i r e c t Contact Gold Contact 
Frequency tan6 tan 5 Technique 
(MHZ) xl0= xlO^ 
0.001 5.29 u n r e l i a b l e 6. 46 u n r e l i a b l e 
0.010 5. 14 5.89 6.35 5.07 Br i dge 
0.015 5.11 6.03 6.32 4.96 Method 
0.020 5.09 6.08 6.30 4.99 
1.0 5. 15 6. 10 6.29 5.00 
2.0 5.05 6.05 6.35 4.99 Q—meter 
5.0 5.11 6. 12 6. 33 5.05 Method 
' 10.0 5.05 6. 10 6.31 5.02 
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+ 0.01 nmhos. The measured conductance for some ceramics 
was found to be comparable to that value r e s u l t i n g in an 
approximate l o s s tangent c a l c u l a t i o n . 
The s m a l l e s t reading e r r o r of the q u a l i t y f a c t o r 
p o s s i b l e on the Q-meter instrument uias + 1 . I t i s , 
t h e r e f o r e , d i f f i c u l t to determine the l o s s tangent 
a c c u r a t e l y s i n c e i t was found that, for many ceramics the 
d i f f e r e n c e between the two readings Qi - Qz was l e s s 
than unity. 
E r r o r s in the measurements of the unknown capacitance 
and conductance c a r r i e d out on the U n i v e r s a l Bridge a r i s e 
both, from the i n a c c u r a c i e s in the standard arms, av^oL 
from the p a r a s i t i c components of the bridge c i r c u i t . The 
l a t t e r are a s s o c i a t e d with l o s s e s of the c i r c u i t , and 
s t r a y c a p a c i t a n c e s to ground. 
In the Q-meter technique, there are two kinds of 
e r r o r . F i r s t , those r e l a t e d to the o r i g i n a l c a l i b r a t i o n 
of the Q-meter g i v i n g r i s e to a f i x e d e r r o r and second , 
e r r o r s i n the a c t u a l readings of Ci and C^ which may be 
reduced by taking s e v e r a l measurements on each sample and 
then averaging. 
Re-positioning of the specimen can lead to some 
changes in the readings . The e l e c t r o d e contact defects 
and the s u r f a c e c o n d u c t i v i t y might a l s o introduce 
a d d i t i o n a l e r r o r s . 
The o v e r a l l accuracy of was estimated to be 
about + 57. in both techniques . The e r r o r in the l o s s 
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tangent was someuhat higher than the e r r o r in and 
i t s e s t i m a t i o n was more d i f f i c u l t , as c o n t r i b u t i o n s a r i s e 
mainly from the e r r o r s of capacitance and Q-value 
readings. 
7.3 High Frequency R e s u l t s using CPM 
The p e r m i t t i v i t i e s , the d i e l e c t r i c l o s s e s , and l o s s 
tangents for the samples in para. 7.2 were next 
determined at high frequencies covering the range from 3 
to 8 GHz. The r e s u l t s a r e presented in t h i s chapter as 
we l l a s the c a l c u l a t e d v a l u e s of attenuation ( OC ) and 
phase ( /3 ) constants, in dB/m and radians/m, 
r e s p e c t i v e l y , for a wave propagating in a medium of such 
d i e l e c t r i c s . 
In the case of the CPM using c o a x i a l resonator the 
s i z e and p o s i t i o n of the sample i n the c a v i t y are most 
c r i t i c a l . The best s i z e was found to be between 0.6 and 1 
mm^ ". The sample should be i n s e r t e d through a small hole 
i n t o the c a v i t y to a place c r e a t i n g a maximum frequency 
s h i f t . In order to e l i m i n a t e any e r r o r s caused by the 
uneven geometry of the sample, measurements were taken at 
a number of s i l i c a - r o d , r o t a t i o n a l - p o s i t i o n s and the 
f i n a l v a l u e s were then c a l c u l a t e d by averaging. T h i s was 
an important s t e p for the frequency s h i f t measurements 
from which the value of the r e l a t i v e p e r m i t t i v i t y was 
determined. The change of p o s i t i o n of the sample does not 
a l t e r the Q s i g n i f i c a n t l y , and therefore the l o s s e s in 
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t h e c a v i t y , once the sample i s i n s e r t e d . I n a d d i t i o n , 
o t h e r p r e c a u t i o n s had t o be taken i n t o a c c o u n t . For 
example, t h e mode i n s i d e t h e c a v i t y might not be a t r u e 
TEM, which a f f e c t s t h e f u n c t i o n F ( x , y , z ) i n t he p e r t u r b a -
t i o n f o r m u l a s . To overcome t h i s problem a c a l i b r a t i o n of 
t h e s y s t e m , u s i n g a m a t e r i a l of known d i e l e c t r i c 
p r o p e r t i e s ( C o o r s 9 9 5 ) , was made. 
Although t h e c o a x i a l c a v i t y o p e r a t e s i n t he f r e q u e n c y 
r a n g e between 2.5 GHz to 11.5 GHz, t h e measurements were 
t a k e n c o v e r i n g o n l y t h e band from 3 t o 8 GHz. I t was 
found t h a t a t h i g h e r f r e q u e n c i e s , above 8 GHz, the loaded 
Q b e g i n s t o drop ( F i g . 4 . 9 ) because t h e i n n e r conductor 
o f t h e c a v i t y was too c l o s e t o the r e g i o n s of t he 
US' 
c o u p l i n g l o o p s . C o n s e q u e n t e l y , t h e p e r t u r b a t i o n f o r m u l a ^ 
d i d not a p p l y b e c a u s e t h e th e o r y i s based on t he 
a s s u m p t i o n of hi g h Q-value ( s e e c h a p t e r 3 ) . At t h e lower 
f r e q u e n c y of 2.5 GHz t h e gap between t h e i n n e r conductor 
and t h e end p l a t e was v e r y s m a l l (0.1 mm) p r e s e n t i n g v e r y 
h i g h c a p a c i t a n c e , which predominated , l e a d i n g t o an 
e r r o r i n t h e f r e q u e n c y s h i f t when the sample was 
i n s e r t e d . 
I t i s known t h a t t h e u n i v e r s a l law ( c h a p t e r 5) of 
d i e l e c t r i c r e s p o n s e a p p l i e s v e r y w i d e l y t o many 
m a t e r i a l s , p a r t i c u l a r l y t o c e r a m i c s and g l a s s e s i n which 
hopping i s t h e dominant c o n d u c t i o n mechanism. 
I n t h e p r e s e n t i n v e s t i g a t i o n , an attempt has a l s o 
been made t o J u s t i f y t h e v a l i d i t y of t h e u n i v e r s a l law on 
t h e v a r i o u s t y p e s of c e r a m i c s . I t was found t h a t rii 
o b t a i n e d from t h e r e l a t i o n 
<n, — 1 > 
was v e r y c l o s e t o u n i t y f o r a l l the c e r a m i c s used, i . e . a 
f r e q u e n c y independent p e r m i t t i v i t y . On t h e o t h e r hand, 
t h e v a l u e of n^ o b t a i n e d from 
( u j ) oC u> 
was l e s s than n i , l e s s than u n i t y . 
Theory p r e d i c t s t h a t i f the hopping model i s s t r i c t l y 
a p p l i c a b l e n i s h o u l d be e q u a l to n^. T h i s e q u i v a l e n c e has 
been found f o r some pure m a t e r i a l s ( e . g . MgO). I t i m p l i e s 
t h a t t h e l o s s s h o u l d c o n t i n u e to d e c r e a s e w i t h i n c r e a s i n g 
f r e q u e n c y . 
I n p r a c t i c e , however, v e r y few m a t e r i a l s ( p a r t i c u l a r l y 
s i n t e r e d c e r a m i c s s u c h a s t h o s e u s e d h e r e ) a r e 
s u f f i c i e n t l y pure and t h e i m p u r i t i e s c o n t r i b u t e a degree 
of Debye t y p e b e h a v i o u r which i s p a r t i c u l a r l y e v i d e n t on 
t h e 5°(w) p l o t . I n t h i s s i t u a t i o n n^ i s g e n e r a l l y l e s s 
t h a n n i . The i m p u r i t i e s may a l s o g e n e r a t e Debye type l o s s 
p e aks which a r e s u perimposed on t h e " u n i v e r s a l law" 
b e h a v i o u r . I n t h i s c a s e the f r e q u e n c y dependence may 
become: 
— < n , — 
T h i s i s thought t o be t h e b a s i s f o r t h e o b s e r v e d i n c r e a s e 
i n l o s s a t h i g h e r f r e q u e n c i e s . 
The g r a p h s , shown i n F i g . 7 . 1 to F i g . 7 . 1 5 , g i v e the 
d a t a f o r & , g," and t a n S f o r the v a r i o u s c e r a m i c s a t 
h i g h f r e q u e n c i e s , t o g e t h e r w i t h t h e v a l u e s of od , ^ and 
n ( u n i v e r s a l law) o b t a i n e d from t h e r e s p e c t i v e v a r i a t i o n s 
of S and S," w i t h f r e q u e n c y ; a l l t h e d a t a r e f e r s t o 
ambient t e m p e r a t u r e measurements. 
F o r comparison p u r p o s e s F i g . 7 . 1 6 t o F i g . 7 . 2 0 show the 
r e s p o n s e o f t h e d i e l e c t r i c p r o p e r t i e s o f chosen samples 
o b t a i n e d from low and high f r e q u e n c y measurement methods, 
i . e . t h e B r i d g e , t h e Q—meter and t h e S6/SA methods. 
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t h e v a r i o u s t y p e s of c e r a m i c s . I t was found t h a t n i 
o b t a i n e d from the r e l a t i o n 
< n, — 1 > 
c E' (w) - £:;^( w) 3 <=>< w 
was v e r y c l o s e t o u n i t y f o r a l l the c e r a m i c s used, i . e . a 
f r e q u e n c y independent p e r m i t t i v i t y . On t h e o t h e r hand, 
t h e v a l u e of n^ o b t a i n e d from 
E * (w) o<l w 
was l e s s than n i , l e s s than u n i t y . 
The graphs, shown i n F i g . 1 t o F i g . 1 5 , g i v e t h e d a t a 
f o r , c* and t a n 6 f o r the v a r i o u s c e r a m i c s a t high 
f r e q u e n c i e s , t o g e t h e r w i t h t h e v a l u e s of 06 , /3 and n 
( u n i v e r s a l law) o b t a i n e d from the r e s p e c t i v e v a r i a t i o n s 
of and E* w i t h f r e q u e n c y ; a l l the d a t a r e f e r s t o ambient 
t e m p e r a t u r e measurements. 
For comparison p u r p o s e s F i g . 7 . 1 6 to F i g . 7 . 2 0 show the 
r e s p o n s e of t h e d i e l e c t r i c p r o p e r t i e s of chosen samples 
o b t a i n e d from low and high f r e q u e n c y measurement methods, 
i . e . t h e B r i d g e , t h e Q-meter and the SG/SA methods. 
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CHAPTER 8 
CONCLUSIONS AND COMMENTS 
8.1 C o a x i a l C a v i t i e s 
One of t h e main o b j e c t i v e s i n t h i s p r o j e c t was to 
c o n s t r u c t a h i g h f r e q u e n c y broadband c a v i t y and e n s u r e 
t h a t i t was of s u f f i c i e n t a c c u r a c y to be used a s a 
n e c e s s a r y measuring d e v i c e i n subsequent r e s e a r c h 
a p p l i c a t i o n . 
From among v a r i o u s t y p e s of r e s o n a t o r s t h a t may be 
us e d o v e r a wideband microwave range, t h e c o a x i a l r e s o n a -
t o r o f f e r e d t h e most s u i t a b l e e l e c t r i c a l and m e c h a n i c a l 
p r o p e r t i e s . 
A s h o r t - c i r c u i t e d c o a x i a l l i n e s e c t i o n forms an e x c e -
l l e n t r e s o n a t o r , f o r t h e f o l l o w i n g e l e c t r i c a l r e a s o n s : 
( i ) i t i s e n c l o s e d and t h e r e f o r e does not r a d i a t e 
e n e r g y . 
( i i ) i t o p e r a t e s i n a TEM mode, which by proper s e l e c t -
i on of c o n d u c t o r s ' d i a m e t e r s may be a d e q u a t e l y 
s e p a r a t e d i n f r e q u e n c y from most of t h e h i g h e r 
o r d e r p a r a s i t i c r e s o n a n c e s t h a t may o c c u r . 
( i i i ) i t i s s u i t a b l e f o r many a p p l i c a t i o n s because of 
i t s c i r c u l a r , s y m m e t r i c a l c o n s t r u c t i o n . 
F u r t h e r m o r e , o b v i o u s m e c h a n i c a l a d v a n t a g e s of a 
c o a x i a l r e s o n a t o r a r e i t s s i m p l i c i t y and t h e e a s e w i t h 
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which c i r c u l a r l y s y m m e t r i c a l p a r t s may be produced on a 
machine l a t h e . 
8.2 C a v i t y P e r t u r b a t i o n Formulae 
I n i t i a l l y , i n c h a p t e r 3, c a v i t y p e r t u r b a t i o n t h e o r y 
was r e v i e w e d t o g e t h e r w i t h i t s a p p l i c a t i o n t o r e s o n a n t 
c a v i t i e s of d i f f e r e n t s h a p e s , namely, TEiox r e c t a n g u l a r 
c a v i t y , TEon c y l i n d r i c a l c a v i t y and TEM c o a x i a l c a v i t y . 
C a v i t y p e r t u r b a t i o n measurements can be h i g h l y 
s e n s i t i v e and a r e p a r t i c u l a r l y advantageous i n the 
d e t e r m i n a t i o n of s m a l l l o s s tangent ( t a n 6 ) . The 
p e r t u r b a t i o n approach makes i t u n n e c e s s a r y t o a c c o u n t f o r 
many of t h e d e t a i l s of t h e c a v i t y , s i n c e t h e s e a r e the 
same f o r t h e c a v i t y w i t h and w i t h o u t t h e sample, and 
t h e r e f o r e g i v e s r i s e t o t h e e f f e c t s which " c a n c e l out°. 
I t i s well-known t h a t t h e l o c a t i o n of the sample 
m a t e r i a l , i t s volume, geometry, and d i e l e c t r i c p r o p e r t i e s 
i n t h e c a v i t y working i n a p a r t i c u l a r mode of o p e r a t i o n 
a f f e c t both r e s o n a n t f r e q u e n c y and t h e Q f a c t o r of the 
s y s t e m . Eqns. ( 3 . 3 0 ) and ( 3 . 3 1 ) g i v e t h e f r e q u e n c y s h i f t 
and a change i n a Q - v a l u e of a r e s o n a n t c a v i t y due to 
p e r t u r b a t i o n . The u s e of t h e s e f o r m u l a ^ e n a b l e s the 
d i e l e c t r i c p r o p e r t i e s of a m a t e r i a l t o be c a l c u l a t e d by 
measuring t h e f r e q u e n c y s h i f t and drop i n Q when the 
m a t e r i a l sample i s p l a c e d i n t h e c a v i t y . 
The p o s s i b i l i t y o f u s i n g t h e p e r t u r b a t i o n t h e o r y f o r 
any d i f f e r e n t s h a p e s of c a v i t y depends on the e a s e of 
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e v a l u a t i n g Eo and E i i n eqn. ( 3 . 2 9 ) . 
C a v i t y p e r t u r b a t i o n methods a r e h i g h l y s e n s i t i v e and 
q u i t e v e r s a t i l e . I t i s t h i s v e r y s e n s i t i v i t y which needs 
s t a b l e f r e q u e n c y s o u r c e s and a c c u r a t e f r e q u e n c y d e t e c t i n g 
equipment t o c a r r y out p r e c i s i o n measurement. The 
p e r t u r b a t i o n f o r m u l a s were found t o be v a l i d f o r the 
s y s t e m under c o n s i d e r a t i o n and the l i m i t a t i o n s on 
a c c u r a c y o b t a i n e d i n t h e experiment were imposed by the 
a p p a r a t u s u s e d ( i . e sweep g e n e r a t o r and spectrum 
a n a l y z e r ) . The sweep g e n e r a t o r was v e r y s t a b l e and the 
s p e c t r u m a n a l y z e r was c a p a b l e of r e s o l v i n g 50 KHz a t 8 
GHz. The u s e of b e t t e r q u a l i t y equipment produced an 
improvement i n the a c c u r a c y of t h e r e s u l t s . 
The p e r t u r b a t i o n f o r m u l a s have been d e r i v e d f o r 
s p e c i f i c specimen shape and the v a l i d i t y of c a l c u l a t i o n 
w i l l a l s o depend i f t h e sample i s p l a c e d i n a s u i t a b l e 
p l a c e i n the c a v i t y f o r maximum e f f e c t . I n a d d i t i o n , i t 
i s r e q u i r e d t h a t t h e sample volume must be s m a l l enough 
t o produce a d e f i n i t e p e r t u r b a t i o n w i t h o u t u p s e t t i n g the 
c o m p l e t e f i e l d d i s t r i b u t i o n i n t h e c a v i t y . The f r e q u e n c y 
s h i f t must be adequate t o measure, o t h e r w i s e l a r g e 
r e l a t i v e e r r o r s a r e i n t r o d u c e d . The u s e of l a r g e r samples 
w i l l a l s o d i s t u r b the f r i n g i n g f i e l d s which u p s e t s the 
b a s i c a s s u m p t i o n s on which t h e d e r i v a t i o n of the working 
f o r m u l a s was based. 
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8.3 Assessment o f t h e Measurements 
As i t has a l r e a d y been mentioned, measurements were 
c a r r i e d out on a number of m a t e r i a l s over low and high 
f r e q u e n c i e s u s i n g t h e B r i d g e , Q-meter and C a v i t y P e r t u r b -
a t i o n methods. 
The known B r i d g e and Q-meter methods were employed 
i n i t i a l l y i n t h e i n v e s t i g a t i o n s to p r o v i d e t h e low 
f r e q u e n c y v a l u e s f o r t h e m a t e r i a l s a s r e f e r e n c e . The 
p r i n c i p a l a d v a n t a g e of t h e s e two methods i s t h a t the 
measurements of d i e l e c t r i c c o n s t a n t s and l o s s t a n g e n t s of 
m a t e r i a l s a t low f r e q u e n c i e s can be e a s i l y c a r r i e d out. 
Throughout t h i s r a n g e of f r e q u e n c i e s t h e s e n s i t i v i t y and 
t h e a c c u r a c y of t h e t e c h n i q u e s a r e a f f e c t e d by e i t h e r 
s t r a y c a p a c i t a n c e o r n o n - i d e a l c h a r a c t e r i s t i c s of t h e 
s y s t e m . To m i n i m i z e t h e r e s i d u a l and e x t e r n a l e f f e c t s 
and t o improve t h e a c c u r a c y of t he r e s u l t s , s t r i c t 
p r o c e d u r e s f o r c a l i b r a t i o n and b a l a n c i n g t h e t e s t j i g , 
d e v e l o p e d o v e r t h e y e a r s were f o l l o w e d . 
I n c h a p t e r 6, two methods f o r t h e measurements a t 
high f r e q u e n c y a r e d e s c r i b e d , namely, the r e f l e c t e d power 
method and sweep g e n e r a t o r / s p e c t r u n a n a l y z e r method. To 
a c h i e v e h i g h a c c u r a c y i n t he f i r s t method ( i . e . the 
r e f l e c t o m e t e r method), t h e two d i r e c t i o n a l c o u p l e r s i n 
t h e s e t up s h o u l d n o r m a l l y be of high d i r e c t i v i t y i n t h e 
f r e q u e n c y r a n g e of i n t e r e s t . The wavemeter s h o u l d be of 
high Q t o g i v e a good r e s o l u t i o n . Although t h e wavemeter 
may g i v e a v e r y s h a r p peak o f r e s o n a n c e , i t s a c c u r a c y i s 
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s t i l l l i m i t e d by t h e s c a l e of t h e c a l i b r a t i o n c h a r t . To 
A 
improve t h i s , a l i n e a r a p p r o x i m a t i o n was made f o r ^ s m a l l 
p o r t i o n of t h e c u r v e and e n l a r g e d graph was produced. I t 
was a l s o found t h a t a s l i g h t movement of the wavemeter 
c a u s e d a change i n f r e q u e n c y and c o n s e q u e n t l y made the 
measurement of t h e q u a l i t y f a c t o r d i f f i c u l t . To improve 
t h e a c c u r a c y o f t h e measurements f u r t h e r , t h e a t t e n u a t o r 
3 i n F i g . 6 . 7 s h o u l d be a c a l i b r a t e d p r e c i s i o n component. 
The c r y s t a l d e t e c t o r Xi and Xz s h o u l d be matched to the 
l i n e and must be s e l e c t e d to g i v e i d e n t i c a l r e s p o n s e s 
o v e r t h e r e q u i r e d f r e q u e n c y and power r a n g e s . 
F o r h i g h a c c u r a c y i n t h e second method ( i . e . SG/SA), 
t h e s y s t e m s h o u l d be a l l o w e d t o warm up f o r a t l e a s t 30 
m i n u t e s b e f o r e t)iie u s e . The sweep r a t e of the sweeping 
g e n e r a t o r s h o u l d be s l o w e r than the a c t u a l s c a n n i n g r a t e 
of t h e a n a l y z e r t o e n s u r e a t r u e p r o d u c t i o n of t h e a c t u a l 
r e s p o n s e of t h e c a v i t y . T h i s method b e s i d e i t s a c c u r a c y 
has o t h e r a d v a n t a g e s . F i r s t l y , t h e sweep g e n e r a t o r 
f r e q u e n c y s e t t i n g not o n l y c o n t r o l s t h e span but a l s o 
d e t e r m i n e s u n i q u e l y t h e c e n t r e f r e q u e n c y . S e c o n d l y , i t i s 
p o s s i b l e t o g e n e r a t e a s i g n a l whose f r e q u e n c y i s equal t o 
t h e i n s t a n t a n e o u s f r e q u e n c y of t h e spectrum a n a l y z e r . 
T h i r d l y , t h e s p e c t r u m a n a l y z e r i s more s e n s i t i v e (-110 
dBm), t h e r e b y p e r m i t t i n g t e s t i n g of components which can 
not s t a n d ^a h i g h v o l t a g e s n o r m a l l y needed i n t h e d e t e c t o r 
o s c i l l o s c o p e s y s t e m of measurements. 
The agreement on t h e o r d e r o f magnitude f o r the l o s s 
179 
t a n g e n t v a l u e s between low and high frequency measure-
ments was r e a s o n a b l e . The e f f e c t of t h e c o n t a c t i n low 
fr e q u e n c y measurements was app a r e n t . As expected, a t low 
f r e q u e n c i e s , t h e r e i s a s i g n i f i c a n t d i f f e r e n c e between 
r e a d i n g s o b t a i n e d by a d i r e c t c o n t a c t and u s i n g g o l d 
c o n t a c t d e p o s i t e d on t h e samples. I t i s l o g i c a l t h a t the 
l a t t e r r e s u l t s w i l l a g r e e w i t h t h o s e r e c o r d e d a t m i c r o -
wave f r e q u e n c i e s u s i n g C a v i t y P e r t u r b a t i o n Method (CPM) 
s i n c e no c o n t a c t s a r e i n v o l v e d i n t h e l a t t e r c a s e . The 
e r r o r s f o r h i g h p e r m i t t i v i t y v a l u e s between d i r e c t and 
g o l d c o n t a c t measurements were found t o be high f o r most 
m a t e r i a l s . T h i s e m p h a s i s e s the need f o r g o l d d e p o s i t i o n 
f o r low f r e q u e n c y measurements and hence smoother s u i — 
f a c e s and lower c o n t a c t r e s i s t a n c e i n t h e measuring 
s e t u p . 
C o n f i r m a t i o n of t h e r e s u l t s a l r e a d y o b t a i n e d w i t h the 
c o a x i a l c a v i t y and p e r t u r b a t i o n t e c h n i q u e i s now i n prog-
r e s s by o t h e r r e s e a r c h e r s i n ^ H.F.Measurements and A p p l i -
c a t i o n R e s e a r c h Group. A high p r e c i s i o n c o a x i a l 
s l o t t e d - l i n e w i t h a e s p e c i a l l y designed d i e l e c t r i c sample 
h o l d e r s y s t e m i s employed. Some of the r e s u l t s have 
a l r e a d y been c o n f i r m e d . 
8. 4 F u t u r e Work 
An i m p o r t a n t i n v e s t i g a t i o n i n t o d i e l e c t r i c p r o p e r t i e s 
o f powders was n o t c a r r i e d out u s i n g broadband c o a x i a l 
c a v i t y b e c a u s e of t h e l a c k of time. T h i s would have 
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i n v o l v e d p a c k i n g t h e powder i n a t h i n - w a l l e d c a p i l l a r y 
t ube and l o w e r i n g i t i n t o t h e c a v i t y through a s m a l l 
h o l e . E x a m i n a t i o n of the f i e l d w i l l be n e c e s s a r y i n o r d e r 
to p l a c e t h e sample i n t h e r i g h t p o s i t i o n . Care s h o u l d be 
t a k e n to e n s u r e t h a t t h e powder i s f i n e l y ground so t h a t 
t i g h t and u n i f o r m p a c k i n g c o u l d be a c h i e v e d . 
I n v e s t i g a t i o n s and r e l e v a n t work have been r e p o r t e d 
i n t h e l i t e r a t u r e and comparison were made between 
d i e l e c t r i c p a r a m e t e r s of powder and bulk m a t e r i a l s C521 
- C 5 7 ] . The t h e o r y r e l a t i n g the d i e l e c t r i c p r o p e r t i e s of 
t h e m a t e r i a l i n powder form t o t h o s e of the e q u i v a l e n t 
s o l i d i s g i v e n by Looyenga C52D and E o t t c h e r C 5 3 ] . The 
two models were s t u d i e d by Dube C54,55] a t r a d i o and 
microwave f r e q u e n c i e s f o r a number of m a t e r i a l s and 
v a r i o u s p a r t i c l e s i z e s , s h a p e s and p a c k i n g f r a c t i o n s . I t 
was found t h a t Looyenga's formula g i v e s good a c c u r a c y 
(about 3X) of d i e l e c t r i c c o n s t a n t f o r p a r t i c l e s i z e of 
l e s s than 50^m. F o r f i n e powders ( p a r t i c l e s i z e l e s s than 
30|jm) t h e measured d i e l e c t r i c c o n s t a n t was low by about 
3—37. . D i e l e c t r i c l o s s d e t e r m i n a t i o n from the f o r m u l a 
was, however, l e s s a c c u r a t e ; the c a l c u l a t e d v a l u e s being 
a l w a y s lower by about 10-20% . The e x p e r i m e n t a l r e s u l t s 
u s i n g B o t t c h e r ' s f o r m u l a showed t h a t good a c c u r a c y was 
o b t a i n e d f o r low p e r m i t t i v i t i e s ( ^  7) but d e v i a t i o n s 
o c c u r e d a t high p e r m i t t i v i t i e s w i t h low p a c k i n g f r a c t i o n s 
( < 0 . 5 ) . The e r r o r s f o r t a n 6 were even h i g h e r between 10 
t o 3051 . I t was c o n c l u d e d t h a t t h e f o r m u l a was 
1 8 ' 
s a t i s f a c t o r y f o r t h e powders h a v i n g p a r t i c l e s i z e s i n the 
r a n g e 50-150^m. 
A d d i t i o n a l work has been c a r r i e d out w i t h t h e main 
p r o j e c t on C u r i e t e m p e r a t u r e measurements. The o b j e c t was 
t o develop a s i m p l e and r e l i a b l e method, u s i n g Gouy 
b a l a n c e t e c h n i q u e , which may i n f u t u r e c o r r e l a t e the 
C u r i e t e m p e r a t u r e s of m a t e r i a l s w i t h t h e i r d i e l e c t r i c 
p r o p e r t i e s . The r e s u l t s of t h e measurements f o r s i n g l e 
c r y s t a l c h i p p i n g s of MgO c o n t a i n i n g i r o n i n 
c o n c e n t r a t i o n s from 310 t o 12900 ppm, and of MgFe^O^ 
(99/i) i n form of powders u s i n g t h i s method a r e p r e s e n t e d 
and d i s c u s s e d i n Appendix A. 
T h e r e i s a s c o p e f o r e x t e n d i n g f r e q u e n c y measurements 
by s u i t a b l y a d a p t i n g a c i r c u l a r waveguide c a v i t y t o 
o p e r a t e from 8.5 t o 12GHz. Th e r e w i l l be a need to 
i n v e s t i g a t e t h a t a p p r o p r i a t e e q u a t i o n s a r e developed to 
a l l o w f o r the v a r y i n g modes e x c i t e d a s a r e s u l t of the 
f r e q u e n c y v a r i a t i o n s . F u r t h e r m o r e , an e x a m i n a t i o n of the 
f i e l d p a t t e r n w i t h i n s u c h a c a v i t y w i l l be n e c e s s a r y to 
e s t a b l i s h t h e c o r r e c t p o s i t i o n i n g of the p e r t u r b i n g 
sample. 
O v e r a l l , t h e p e r t u r b a t i o n method t o g e t h e r w i t h the 
c o a x i a l c a v i t y proved t o be a r e l i a b l e combination f o r 
o b t a i n i n g a c c u r a t e and r e p e a t a b l e measurements of d i e l e c -
t r i c p r o p e r t i e s o f m a t e r i a l s a t microwave f r e q u e n c i e s . 
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APPENDIX A 
A Gouy B a l a n c e T e c h n i q u e F o r C u r i e 
Temperature Measurement 
I n t r o d u c t i o n 
S e v e r a l t e c h n i q u e s have been developed and d e v i s e d f o r 
d e t e r m i n i n g t h e C u r i e t e m p e r a t u r e of m a t e r i a l s . Blackman 
C583 us e d t h e o s c i l l a t i o n method d e s c r i b e d by B a t e s , 
G i b b s and P a n t u l u C59D f o r d e t e r m i n i n g the C u r i e 
t e m p e r a t u r e of MgO i n magnesium f e r r i t e . W i r t z and F i n e 
C 6 0 ] u s e d t h e t e c h n i q u e of a v i b r a t i n g sample 
magnetometer f o r d e t e r m i n i n g C u r i e t e m p e r a t u r e of a 
m a g n e s i o — f e r r i t e p r e c i p i t a t e s from d i l u t e s o l u t i o n s of 
i r o n i n MgO. At a l a t e r d a t e , I n g l i s , R u s s e l l , and Thorp 
C61D p u b l i s h e d a paper on m a g n e s i o - f e r r i t e f o r m a t i o n i n 
l o w - c o n c e n t r a t i o n Fe/MgO s i n g l e c r y s t a l i n which the 
C u r i e t e m p e r a t u r e was determined from l i n e w i d t h 
measurements o b t a i n e d u s i n g t h e e l e c t r o n s p i n r e s o n a n c e 
t e c h n i q u e ( E . S . R . ) . 
The purpose of t h i s Appendix i s t o p r e s e n t an a l t e r n a -
t i v e s i m p l e method f o r d e t e r m i n i n g t h e C u r i e t e m p e r a t u r e 
of m a t e r i a l s i n form of powders. 
The Gouy b a l a n c e method ( C r a n g l e C62D, W i l l i a m s , Hoon 
and Thorp C 6 3 ] ) i n which t h e magnetic f o r c e e x e r t e d on a 
s m a l l sample suspended between t h e p o l e s of an 
e l e c t r o m a g n e t i s measured, i s w i d e l y used f o r the 
d e t e r m i n a t i o n o f m a g n e t i c s u s c e p t i b i l i t i e s . Here t h e 
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Gouy b a l a n c e t e c h n i q u e has been adapted and used to 
o b t a i n d i r e c t e s t i m a t e s of t h e C u r i e t e m p e r a t u r e s of some 
m a g n e s i o - f e r r i t e s f o r comparison w i t h the d a t a quoted 
above. 
Measurement P r o c e d u r e 
The high t e m p e r a t u r e m o d i f i c a t i o n of t h e Gouy b a l a n c e 
t e c h n i q u e i s shouin i n F i g . 1 . A f u r n a c e was l o c a t e d 
between t h e p o l e s o f t h e e l e c t r o m a g n e t w i t h i t s c e n t r e on 
t h e p o l e a x i s . The sample, i n powder form, was p l a c e d i n 
a s i l i c a tube suspended i n t h e f u r n a c e i n such a way t h a t 
t h e bottom of t h e powder column was a t the f u r n a c e 
c e n t r e . T h i s was t o e n s u r e t h a t t h e sample was p o s i t i o n e d 
i n t h e r e g i o n where t h e magnetic f i e l d g r a d i e n t was 
maximum, a s i s customary i n t h e Gouy method. The c h o i c e 
of f u r n a c e d i m e n s i o n s r e p r e s e n t s a compromise between two 
c o n f l i c t i n g demands. One i s t h a t t h e t e m p e r a t u r e 
a v a i l a b l e a t t h e c e n t r e of t h e f u r n a c e s h o u l d be 
maximised athough t h e f u r n a c e o u t e r w a l l must remain c o o l 
i n o r d e r t o p r e v e n t damage t o t h e p o l e f a c e s ; t h i s 
f a v o u r s i n c r e a s i n g t h e f u r n a c e d i a m e t e r . The o t h e r i s 
t h a t t h e m agnetic f i e l d s h o u l d be a s high a s p o s s i b l e , 
( t o i n c r e a s e t h e a c c u r a c y of measurements); t h i s p o i n t s 
t o r e d u c i n g t h e p o l e gap. I n t h e p r e s e n t a p p a r a t u s the 
Newport Type A e l e c t r o - m a g n e t g i v e s a maximum f i e l d of 
470 mT over t h e 7.8 cm wide gap and the f u r n a c e , (which 
had a bore of 19mm and o u t s i d e diameter of 6.3 cm) c o u l d 
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Fig 1. Schematic arrangement of modified Gouy balance. 
(M, electromagnet; R furnace; T, thermocouple and 
temperature controller; S, silica specimen tube; specimen; 
cover. 
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r e a c h 900°C. 
P r e p a r a t i o n of t h e Samples 
The s i n g l e c r y s t a l c h i p p i n g s of Fe/MgO which were used 
i n t h i s e x p e r i m e n t had i r o n c o n c e n t r a t i o n s r a n g i n g from 
310 t o 12900 p a r t s per m i l l i o n . The nominal dopant 
c o n c e n t r a t i o n s were de t e r m i n e d ( u s i n g x - r a y f l u o r e s c e n c e 
t e c h n i q u e s ) by W & C . S p i c e r L t d . and were c l a i m e d by the 
m a n u f a c t u r e r s t o be a c c u r a t e t o w i t h i n 27. . These samples 
r a n g e d i n c o l o u r from c l o u d y w h i t e through p r o g r e s s i v e l y 
d a r k e r s h a d e s of green t o o l i v e green a s the i r o n 
c o n c e n t r a t i o n i n c r e a s e d . 
Powder s a m p l e s were p r e p a r e d by f i r s t c r u s h i n g t h e 
s i n g l e c r y s t a l c h i p p i n g s i n an a g a t e p e s t l e and mortar. 
The powders were s i e v e d through a 185 |im mesh i n ord e r to 
c o n t r o l t h e upper l i m i t of t h e p a r t i c l e s i z e and t o form 
powders s u i t a b l e f o r Gouy magnetometer. M a g n e s i o - f e r r i t e 
p r e c i p i t a t i o n was i n d u c e d i n t h e s e powder samples by 
means of heat t r e a t m e n t i n an a u x i l i a r y f u r n a c e . The 
s a m p l e s were l o a d e d i n "Thermalox" r e c r y s t a l 1 i s e d alumina 
combustion b o a t s and p l a c e d i n the c e n t r e of the f u r n a c e 
where the t e m p e r a t u r e p r o f i l e was almost f l a t . A thermo-
c o u p l e , p l a c e d a s c l o s e t o t h e sample boat a s p o s s i b l e , 
was c o n n e c t e d t o a t e m p e r a t u r e c o n t r o l l e r and t h i s 
arrangement e n a b l e d t h e r e q u i r e d t e m p e r a t u r e t o be s e t 
and m a i n t a i n e d . A s t e a d y f l o w of oxygen gas through the 
f u r n a c e e n s u r e d t h a t t h e p r e c i p i t a t i o n o c c u r r e d i n an 
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o x i d i z i n g atmosphere and a t e m p e r a t u r e of 800 C was 
c h o s e n , ( o v e r a p e r i o d of 3.5 h o u r s ) , to e n s u r e t h a t a l l 
t h e a v a i l a b l e i r o n had been c o n v e r t e d (Thorp, Johnson and 
Savage C64 3) t o m a g n e s i o - f e r r i t e . The samples were then 
g r a d u a l l y c o o l e d down from t h e chosen t e m p e r a t u r e of 800 
°C ( a t which, i n most c a s e s , they were h e l d f o r 24 h o u r s ) 
t o room t e m p e r a t u r e . Then t h e samples were ready f o r 
C u r i e t e m p e r a t u r e measurements. 
O p e r a t i n g D e t a i l s 
When the e l e c t r o m a g n e t was s w i t c h e d on, the sample 
becomes magnetized i n t h e f i e l d and e x p e r i e n c e s a f o r c e 
i n r e g i o n s of t h e f i e l d g r a d i e n t . In t h i s c a s e , towards 
t h e c e n t r e o f t h e f i e l d . T h i s f o r c e ( F ) e x e r t e d on a 
volume s u s c e p t i b i l i t y ( 9 C v ) was d e r i v e d from t h e r e l a t i o n 
L621 
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F = — y:^oci»i - H«)(px/p2) 
2 
where H^ ^ and H» r e f e r t o t h e f i e l d v a l u e s a t t h e ends of 
t h e sample, oC i s t h e c r o s s - s e c t i o n a l a r e a of t h e specimen 
and p i and r e p r e s e n t t h e p a c k i n g d e n s i t y of the powder 
and t h e d e n s i t y o f magnesium o x i d e r e s p e c t i v e l y . Care 
s h o u l d be t a k e n i n p a c k i n g the powder to e n s u r e 
homogeneity both i n p a c k i n g d e n s i t y and c o n c e n t r a t i o n of 
t h e v a r i o u s components o f t h e powder m i x t u r e s . The 
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maximum f i e l d u s e d here was 360mT which c o r r e s p o n d s to a 
c u r r e n t of 7 amperes. In o r d e r to a v o i d d i s t u r b a n c e s 
produced by c o n v e c t i o n c u r r e n t s , a water c o o l i n g system 
was u s e d . F o r a c c u r a t e measurement of temperature a 
wooden s h i e l d has been made to i s o l a t e the ele c t r o m a g n e t 
and t h e f u r n a c e from the ambient draught, v i b r a t i o n s and 
a i r c u r r e n t s s o a s t o keep t h e temper a t u r e s t e a d y and 
u n i f o r m . A d i g i t a l monitor was used f o r a c c u r a t e r e a d i n g 
of t h e t e m p e r a t u r e . The l e n g t h of t he powder column 
s h o u l d be su c h t h a t i t does not exceed t h e l i m i t s of t h e 
u n i f o r m r e g i o n of t h e f u r n a c e ; t h i s was found to be 5 cm 
i n t h i s c a s e . 
The f o r c e s measured were s m a l l ( i . e 1 — 260 mg) and 
t h e r e f o r e a h i g h s e n s i t i v i t y b a l a n c e was r e q u i r e d . The 
o r d e r of a c c u r a c y depends a l s o on t h e u n i f o r m i t y of 
p a c k i n g i n t h e s i l i c a tube, s o a v e r y f i n e l y ground 
powder i s n e c e s s a r y . A t h i n column of sample was needed 
i n o r d e r t o e l i m i n a t e a l l f o r c e s o t h e r than the v e r t i c a l 
f o r c e . The s i l i c a tube was of 0.2 cm bore and 20 cm 
l e n g t h . 
By measuring t h e f o r c e w i t h an e l e c t r o n i c b a l a n c e 
b e f o r e and a f t e r t h e magnetic f i e l d was a p p l i e d and 
making a l l o w a n c e s i n t he c a l c u l a t i o n f o r t he f o r c e on t h e 
s i l i c a tube, t h e net f o r c e due t o m a g n e t i z a t i o n can be 
de t e r m i n e d . T h i s procedure was f o l l o w e d f o r s u c c e s s i v e l y 
i n c r e a s i n g t e m p e r a t u r e s u n t i l t h e f o r c e t e n d s t o z e r o , 
which i n d i c a t e s t h e t r a n s i t i o n t o paramagnetic behaviour 
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o c c u r r i n g a t or near t h e C u r i e p o i n t . 
I n o r d e r t o c o n f i r m t h e v a l i d i t y of t h e Gouy b a l a n c e 
t e c h n i q u e t h e C u r i e t e m p e r a t u r e of n i c k e l was measured. 
To p r e v e n t l a t e r a l d i s p l a c e m e n t , the specimen tube was 
f i l l e d w i t h a th o r o u g h l y homogenised m i x t u r e of 1"/. n i c k e l 
powder d i l u t e d i n 997. high p u r i t y magnesium o x i d e . The 
e x p e r i m e n t a l r e s u l t s a r e shown i n F i g . 2 . T a k i n g t h e C u r i e 
t e m p e r a t u r e a s t h e i n t e r s e c t i o n on t h e tem p e r a t u r e a x i s 
of t h e tangent t o t h i s c u r v e a t i t s p o i n t of maximum 
s l o p e ( W i r t z and F i n e C 6 0 ] ) , we f i n d S c = 360 + 5°C; 
t h i s was i n c l o s e agreement w i t h t h e a c c e p t e d v a l u e of 
358 °C (Weast, C 6 5 ] ) and i n d i c a t e d t h a t t h e t e c h n i q u e 
p r o v i d e s a s i m p l e and r e a s o n a b l y a c c u r a t e method f o r 
C u r i e t e m p e r a t u r e measurement. 
R e s u l t s and D i s c u s s i o n 
The t e m p e r a t u r e dependence. of m a g n e t i s a t i o n ( e x p r e -
s s e d a s t h e f o r c e s measured on the Gouy b a l a n c e ) w CLS 
measured f o r a s e r i e s of h e a t - t r e a t e d Fe/MgO c r u s h e d 
s i n g l e c r y s t a l powders which had i r o n c o n c e n t r a t i o n s 
r a n g i n g from 2300 ppm t o 12900 ppm. The da t a i s shown i n 
F i g . 3 . I t i s e v i d e n t f i r s t l y t h a t the c u r v e s f o r a l l the 
d i f f e r e n t c o m p o s i t i o n s converge towards t h e same C u r i e 
o 
p o i n t ; t h i s common C u r i e t e m p e r a t u r e was 310 + 5 C. 
Fu r t h e r m o r e , i t may be no t e d t h a t t h e d i f f e r e n t specimens 
( e a c h c o n t a i n i n g a d i f f e r e n t amount of i r o n ) were a l l 
h e a t - t r e a t e d i n t h e same way s o t h a t they c o n t a i n e d 
200 300 
Temperature (C) 
Fig 2. Force - temperature variation for 
nickel powder 
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d i f f e r e n t amounts o f m a q n e s i o - f e r r i t e p r e c i p i t a t e , a s 
e v i d e n c e d by t h e s u s c e p t i b i l i t y measurements r e p o r t e d 
e a r l i e r (Thorp., Johnson and Savage Z6A1). Thus F i g . 3 
a l s o c o n f i r m s W i r t z and F i n e ' s C60 ] s t a t e m e n t t h a t the 
C u r i e t e m p e r a t u r e of t h e m a g n e s i o - f e r r i t e p r e c i p i t a t e 
phase i s independent o f t h e volume f r a c t i o n of the 
o 
p r e c i p i t a t e . The measured C u r i e t e m p e r a t u r e (/^310 C) i s 
v e r y c l o s e t o t h e v a l u e o f 307 C r e p o r t e d by Elackman 
C 5 8 ] f o r MgO-saturated m a g n e s i o - f e r r i t e and t h i s s u g g e s t s 
a p r e c i p i t a t e c o m p o s i t i o n n e a r Mgj.oa F e i . s ^ a 03.«»-7-. 
I t i s i n t e r e s t i n g t o compare t h e p r e s e n t d e t e r m i n a t i o n 
w i t h t h e v a l u e s o b t a i n e d f o r o t h e r c o m p o s i t i o n s w i t h i n 
t h e m a g n e s i o - f e r r i t e phase s i n c e i t i s known t h a t 6c i s 
s e n s i t i v e t o s m a l l changes i n c o m p o s i t i o n and c a t i o n 
d i s t r i b u t i o n ( E p s t e i n and F r a c k i e w i c z C663) , e s p e c i a l l y 
t o t h e number of i r o n i o n s on t e t r a h e d r a l s i t e s . Here we 
may n o t e t h a t , w i t h a lower p r o p o r t i o n of i r o n , W i r t z and 
F i n e C 6 0 ] r e p o r t e d 9e = 217°C f o r m a g n e s i o - f e r r i t e 
p a r t i c l e s of c o m p o s i t i o n Mgi.a F e i . a 0^,^ . At the o t h e r 
extreme of t h e range we have found ( F i g . 4 ) t h a t f o r the 
c o m p o s i t i o n Mgi.o Fe^.o O^.o , ( s u p p l i e d a s powder by 
V e n t r o n GMBH K a r l s r u h e ) t h e C u r i e t e m p e r a t u r e i s (430+10) 
C, i n c l o s e agreement w i t h t h e v a l u e of 440 C quoted by 
T e b b l e and C r a i k C67D. Both t h e magnetic and d i e l e c t r i c 
p r o p e r t i e s of m a g n e s i o - f e r r i t e p h a s e s a r e of c o n s i d e r a b l e 
i m p o r t a n c e i n the p r o d u c t i o n of high q u a l i t y e l e c t r i c a l 
g r a d e magnesia f o r r e f r a c t o r y i n s u l a t o r a p p l i c a t i o n s 
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Fig 3. Force - temperature variation for Fe/MgO sampies 
samples aged at 800 C for 3'^ 2 hours 
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Fig A. Force - temperature variation for magnesium 
di-iron oxide* (Mg Fe2 O^.Ventroh) 
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( e . g . N e i d h a r d t and S c h n e i d e r C68D); work i s now i n 
p r o g r e s s t o a s c e r t a i n whether the d i e l e c t r i c p r o p e r t i e s 
of s i m i l a r m a g n e s i o - f e r r i t e phases, some of which a r e 
n o t a b l e f o r t h e i r h igh l o s s , a r e s u b j e c t t o c o r r e s p o n d i n g 
v a r i a t i o n s . 
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